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ABSTRACT 
In Vitro NMR Study of Magnetization Exchange at Low Field and Proteoglycan 
Depletion at High Field in Articular Cartilage 
Magnetization exchange between different spin reservoirs, or spin groups, in cartilage 
tissue is an important aspect of the use of Magnetic Resonance Imaging (MRI) in the early 
detection of osteoarthritis (OA). A low field (Larmor frequency of 30 MHz) NMR study of 
relaxation times in bovine articular cartilage was undertaken with the aim of elucidating 
details about magnetization exchange in this tissue. 
  A key element of successful multi-site exchange modeling is the availability of a 
sufficient number of apparent relaxation parameters to model the intrinsic multi- site 
exchange scenario. Two-Dimensional (2D) time domain NMR spin-lattice relaxation 
experiments in the laboratory frame (T1 experiments) and the rotating frame (T1ρ 
experiments) were performed in articular cartilage, which allows for effective extraction of 
relaxation parameters from the composite NMR response from the heterogeneous cartilage 
tissue. 2D inversion recovery T1 experiments using non-selective excitation and monitor 
pulses as well as selective excitation and non-selective monitor pulses were used.  
 The 2D relaxation results for each of the above experiments were then analysed for 
exchange by comparing the experimentally observed parameters to the apparent parameters, 
calculated from a set of intrinsic parameters, which were adjusted until a reasonable match 
was realized. In this multi-experiment approach the exchange results from one experiment 
can be used to corroborate the exchange results from another experiment.  
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 In order to circumvent the considerable masking effect that the bulk water has on 
effective proton NMR characterization of cartilage macromolecular components, the above 
2D relaxation-exchange analysis approach also was applied to bovine cartilage tissue in 
which H2O was replaced with D2O, as well as cartilage tissue in which the bulk water was 
frozen, so as to allow for the selective saturation of the ice proton magnetization. Combining 
relaxation times and magnetization exchange analyses results from the four cases, natural 
cartilage at 3
o
C and -10
o
C as well as deuterated cartilage at 3
o
C and -10
o
C, a 4-site exchange 
scenario involving water, proteoglycan (PG) and two collagen spin reservoirs, was arrived at 
for cartilage tissue. Approximate rates for magnetization exchange between macromolecule 
spins and water spins as well as for inter-macromolecule magnetization exchange are 
presented.  
 In addition, the present results have clearly demonstrated that at -10
o
C, at which 
temperature the bulk water in the tissue is frozen, the collagen proton magnetization in the 
tissue exhibit a similar relaxation behavior as seen at 3
o
C; i.e., the collagen proton 
magnetizations do not appear to be appreciably affected by the freezing phase transition.  
 Loss of PG is an important indicator of early OA. An ideal MRI scheme for OA 
detection can be envisioned to involve the direct detection of the degradation of PG with 
progression of the disease, while at the same time monitoring the collagen content, which is 
not significantly affected by early OA and can be used as internal reference. In this part of 
the thesis, first, high field (Larmor frequency of 500 MHz) Magic Angle Spinning (MAS) 
NMR was used to monitor the changes in the PG spectra of the articular cartilage with 
dehydration, and with PG-degradation (using trypsin). Second, articular cartilage samples 
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were modified enzymatically to achieve different PG-depletion levels using the trypsin 
enzyme and then chemical shift imaging (CSI) was used to obtain the PG spectra and a static 
spectral experiment was performed to measure the broad collagen spectra. The ratio of the 
PG spectral area to that of the collagen spectral area defines PG content relative to collagen 
content. As the collagen content does not change appreciably for early OA, this approach 
provides a relative PG content, which is expected to be useful for in vivo OA detection. 
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Chapter 1 
Introduction 
Articular cartilage (AC) tissue is a smooth, connective tissue made up mainly of 
collagen, proteoglycans and water [1-4]. AC is a complex tissue that works as a shock 
absorber and provides smooth surfaces for articulating joints. Unlike most tissues, AC has 
limited ability to repair itself due to the presence of only a relatively small number of 
chondrocytes (~ 5 % by volume). Chondrocytes are the only cells found in cartilage and are 
responsible for maintaining the cartilage matrix (collagen fibers and proteoglycans (PG)). 
With a view towards development of effective treatment protocols for osteoarthritis (OA), 
schemes for the early detection of OA are being sought after. Ideally such schemes should be 
noninvasive. Considerable literature exists on the development of early osteoarthritis (OA) 
detection schemes using noninvasive Magnetic Resonance Imaging (MRI) techniques. In 
addition, the dynamic and structural aspects of the macromolecular components of cartilage 
have been studied intensively over the last several decades using Nuclear Magnetic 
Resonance (NMR).    
Although the macromolecular elements (largely PG at early stages) of articular 
cartilage tissue degrade as OA progresses, for practical reasons clinical MRI schemes 
typically monitor the tissue's bulk water proton relaxation behavior, which only indirectly 
reports on macromolecular degradation. A critical, missing link in this approach is an in-
depth knowledge of a) the changes in PG behavior as detectable by magnetic resonance (MR) 
and b) the details of the pathway between PG and the bulk water that communicates 
relaxation information between the two. A first step towards elucidating (a) and (b) is to gain 
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insight into the dynamics and MR relaxation of the macromolecular components (PG and 
collagen) as well as bound water
*
, which are expected to play a key role in (b).  
In this work, results from proton NMR relaxation experiments at a Larmor frequency 
of 30 MHz in deuterated and natural AC, both above and below freezing temperatures are 
reported. Deuteration allows detailed examination of the macromolecular proton NMR 
relaxation, while freezing the bulk water permits targeted study of the non-freezable, bound 
water. The magnetization exchange details and intrinsic relaxation parameters of the different 
components of the AC system have been ascertained through detailed two-dimensional NMR 
time domain relaxation measurements, combined with modeling of exchange modified 
relaxation in this tissue. This type of study requires relaxation measurements involving 
different time scales. To this end spin-spin relaxation times (T2) as well as spin- lattice 
relaxation times at high field (T1) and low field (T1ρ) were studied and analyzed for exchange 
contributions.  
A key aspect of early OA detection is sensitivity. Typical relaxation approaches do 
not monitor PG directly, but rather monitor changes in PG (degradation), with OA 
progression, indirectly by measuring changes in relaxation parameters of water protons. Here 
a technique that determines the PG/collagen ratio from a direct measurement of PG in 
cartilage and relating the PG content to collagen content as an internal reference is proposed. 
To demonstrate this technique, 500 MHz Magic Angle Spinning (MAS) NMR experiments, 
static NMR experiments, and Chemical Shift Imaging (CSI) experiments were performed in 
                                                 
*
Bound water commonly is considered to be strongly associated with a (macromolecular) surface such that its 
dynamics are slowed down and restricted by orders of magnitude, and its freezing point is depressed by several 
degrees.  
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articular cartilage tissue, enzymatically degraded to various degrees. This PG/collagen ratio 
determination technique can be adapted to MRI in vivo measurements and shows potential 
for the early detection of OA.   
 The second chapter of this thesis introduces NMR basics, including the Zeeman, 
dipole-dipole, and chemical shift interactions. This chapter discusses the connection between 
NMR parameters and molecular dynamics as well as exchange in biological materials. In 
addition, the MAS and CSI techniques are introduced. 
 The third chapter is a review of bovine articular cartilage components and properties. 
This chapter also covers some of the literature of NMR of cartilage. Specifically, NMR and 
MRI studies of structural and dynamical aspects, as well as enzymatic modifications of PG in 
the cartilage tissue, are emphasized. 
 Chapter four explains the experimental and analysis methods for low field (30 MHz) 
and high field (500 MHz) NMR experiments, including sample preparations, and details of 
pulse sequences. 
 In the first part of chapter 5 the low field (30 MHz) NMR relaxation results are 
presented and discussed in terms of magnetization exchange models. In the second part of 
this chapter the high field (500 MHz) results are presented with a focus on the detection of 
changes in AC with degradation, by referring the changes to collagen content as an internal 
reference. 
 The conclusions are presented in chapter six.     
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Chapter 2 
Nuclear Magnetic Resonance (NMR) 
2.1 NMR Interactions 
A nuclear spin, with magnetic moment µ, in a sample, can be subject to a number of 
different interactions [5-8]. These interactions can involve coupling between  ⃗ and magnetic 
fields external to the sample, as well as such fields internal to the sample (produced by 
electrons and other nuclear spins). Within the context of this work each of the applicable 
interactions is best described by a Hamiltonian,             . This study utilizes proton (
1
H) 
NMR for which the NMR Hamiltonian can be expressed as the sum of applicable interaction 
Hamiltonians 
                     (2.1) 
where 𝓗Z is the Zeeman interaction, 𝓗J is the J coupling, 𝓗D is the dipole-dipole 
interaction, and 𝓗CS is the chemical shift interaction. In a magnetic field of 2.5 T, typical 
magnitudes of these interactions, in Hz, are as follows: Zeeman ~ 10
8
, Dipole- Dipole ~10
3
, 
Chemical Shift ~ 10
3
, and the J- Coupling ~ 10. Only the magnitudes of the Zeeman and 
chemical shift interactions depend directly on the magnitude of the external magnetic field. 
 The J coupling is orders of magnitude smaller than the other interactions of equation 
2.1, and is not considered further in this work. In strong fields, the Zeeman interaction, which 
is responsible for the precession of the spins, is generally the dominant interaction. The 
interactions           can provide information on structure and dynamics of the 
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molecular system in which the spin system is imbedded. Each of the interactions        
and    are discussed further below.  
2.1.1 Zeeman Interaction and Precession 
Zeeman interaction occurs when a magnetic moment µ is placed in a magnetic field 
Bo, for which the energy of interaction is  
               
 
(2.2) 
For a nucleus, quantum mechanics dictates that µ can take on discrete, quantized 
values only. If the magnetic field (Bo) lies along the z-axis, the Zeeman Hamiltonian of the 
nucleus is given by 
                      
 
(2.3) 
where Iz is the z-component of the spin operator and γ is the gyromagnetic ratio defined as 
ratio of magnetic moment µ to the spin angular momentum I , with I ≡ spin quantum number 
and   ≡ Plank’s constant. The spin’s eignstates are specified through the magnetic quantum 
number m, and have energies Em = -γ Bom with m = I, I-1,..., -I. In this study proton NMR is 
being used and for protons I = ½, so that in a magnetic field they can have either spin up       
(m = +1/2) or spin down (m= -1/2). The transition between these two energy states can be 
observed by the absorption or emission of radiant energy  
                (2.4) 
where  o   is the Larmor frequency.  
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Technically, in the NMR experiment resonant transitions, from the lower to the 
higher energy level, are achieved by applying a time-dependent magnetic field oscillating, 
perpendicular to the main static field, at radio frequency (RF),  
                 
 
(2.5) 
The time-dependent Hamiltonian describing this process is 
                                 (  )   
 
(2.6) 
where B1 is the RF field, with amplitude B1x, along the x-axis in the rotating frame, and Ix is 
the correspondent spin transition operator between the two states. 
2.1.2  Dipole-Dipole Interaction and Nuclear Spin Relaxation 
Consider two spins with magnetic moments µ1 and µ2 and the interaction energy 
between them given by 
 
   
     
  
 
 (    )(    )
  
     
(2.7) 
where r is the radius vector from µ1 to µ2. The interaction between N spins can be expressed 
by the dipolar Hamiltonian (Slichter, 1996)[6], 
 
    
 
 
∑ ∑ *
     
   
  
 (      )(      )
   
 +
 
   
 
   
     
 
(2.8) 
where the µ’s are now the operators         . The dipolar Hamiltonian for a pair of spins, 
after transforming from Cartesians to spherical polar coordinates, can be written as: 
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(2.9) 
where 
         (      
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with   and    being the raising and lowering operators. The A and B terms are known as 
secular terms of the dipolar Hamiltonian with zero energy transfer between spins and the 
lattice. The A term, together with the coupling constant (  
 
  
), can be thought of as 
representing a static z-component of the local magnetic fields produced by the other 
magnetic moment. B is the flip-flop term involving mutual spin flips of the two spins. Terms 
A and B are responsible for dephasing of the spins due to dipole-dipole interactions. All other 
terms C, D, E, and F are known as non-secular terms of the dipolar Hamiltonian and involve 
energy exchange between spins and the lattice. The C and D terms correspond to one 
quantum transition, while the E and F terms correspond to two quantum transitions.        
 ∆𝐸   𝜔𝑜    
 
         (2.10) 
   
 
 
∆𝐸  0  , 
∆𝐸    𝜔𝑜   
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In this thesis nuclear spin relaxation plays an important role and the following 
presents a brief summary of relaxation relations being considered later in the Results and 
Discussion chapter.  
The time evolution of the magnetization along the z-direction, Mz (t), can be ascertained by 
finding 
     ( )
  
, where <Iz>  is the expectation value of Iz.  Abragam [5] gives that for two 
identical spins I  
 
      
  
  
 
  
,          -     
 
(2.11) 
where <Iz>0 is the expectation value of Iz at thermal equilibrium and T1 is the spin-lattice 
relaxation time. Within the present context lattice implies all non-spin degrees of freedom; 
e.g., motional modes of molecules carrying the spins. It can be shown [5] that  
  
  
 
 
 
     (   ),  ( )    (  )-     (2.12) 
where   | |(| | ) are the spectral density functions, which are a measure of the power 
available for transitions through  | |(| | )  . The parameter   takes on values 0 
(corresponding to A + B of equation 2.9), ± 1 (corresponding C or D of equation 2.9),       
and ± 2 (corresponding to E or F of equation 2.9).  
The spectral density functions are the Fourier transforms of the autocorrelation 
function, G
( )(τ), defined as < F( )(x(t)) F*( )(x(t+τ)) >, where x is a lattice coordinate, τ is a 
time interval, and F is a spin-lattice interaction, such as dipole-dipole interaction. The 
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brackets < > denote ensemble average. In effect the correlation function measures how a 
parameter, such as x, at time t + τ, is correlated to its value at time t. Assuming a random 
Markovian process for the x-coordinate, the correlation function can be written as, 
 
  ( )   |  |   
 
 
        
(2.13) 
where τc is the correlation time characterizing the time scale of the motion. Then, the Fourier 
transform of the correlation function leads to the following expression 
 
 | |(| | )   | | ||  
   
  (| | )    
     
(2.14) 
Considering rigid molecules for which the internuclear distance is constant, it can be shown 
that combining equations 2.12,  and 2.14 leads to the following spin-lattice (longitudinal) 
relaxation rate R1= 1/T1, given by [5]  
 
 
  
  [
  
       
 
   
        
]        (2.15) 
where C is the interaction strength between the nuclei and is given by 
  
 
   
   (   )       
The time evolution of Mx can be ascertained from [<Iz > (t)]. Abragam [5] gives  
     
  
  
 
  
         
where the spin-spin (transverse) relaxation rate R2 = 1/T2, is given by  
  
  
 
 
 
[    
   
       
 
   
        
]      
(2.16) 
  10 
In the spin-lattice relaxation time (T1x) experiment in the rotating frame a low-power 
RF field B1 (t) is applied at resonance, perpendicular to B0. If we assume that B1 is applied 
along the x-axis in the rotating frame then the magnetization Mx in the rotating frame will 
decay along the x-axis with a relaxation rate 1/T1x, which for two identical spins on a rigid 
molecule, is given by [9] 
  
  
 
 
 
*
   
     
    
 
   
       
 
   
        
+     (2.17) 
Considering Arrhenius behavior, the correlation time τc will have a temperature 
dependence given by,  
       
           (2.18) 
where Ea is the activation energy and kB is Boltzmann’s constant. Figure 2.1 shows plots of 
T1, T2 and T1x as function of 1000/T for a bulk water molecule. It may be noted that 
expressions 2.15 and 2.16, for two identical spins on a rigid molecule undergoing isotropic 
motion (single correlation time), were first derived by Bloembergen, Purcell and Pound 
(1948) and are commonly referred to as the BPP relaxation time expressions [9, 10]. 
  11 
 
Figure 2.1 Behavior of bulk water proton relaxation times T1, T2 and T1x as a function 
of inverse temperature. ωD is the dipolar frequency.   
Adapted from N. Bloembergen, E. M. Purcell, R. V. Pound “ Relaxation Effects in 
Nuclear Magnetic Resonance Absorption” [10]. 
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2.1.3 Chemical Shift Interaction and the Chemical Shift 
If a molecule is placed in an external magnetic field B0, the field will induce currents 
in the electron cloud of the molecule. The resulting induced magnetic field, internal to the 
molecule, opposes the external field, so that the net field seen by the molecule’s nuclei is less 
than Bo; i.e., the nuclei are shielded. Then, to achieve resonance at a frequency ω0 = γ Bo 
(case where zero induced field exists), the applied field needs to be increased. Or, if the 
applied field is kept fixed at Bo, the frequency of the RF excitation needs to be decreased. 
The effective (local) magnetic field, experienced by the nucleus, is given by 
                  (   )       (2.19) 
where σ is a shielding parameter. 
This means that the local resonance frequency is     (   ). The chemical shift 
scale δ is arrived at by using a reference sample (often tetramethylsilane (TSM), Si (CH3)4) 
with its resonance frequency νreference:  
   (   )    0 
                  
          
     
 
(2.20) 
Fig. 2.2 gives the proton chemical shift ranges for various functional groups. It may be noted 
that the chemical shielding parameter σ signifies an absolute shift in local field, relative to its 
value in the absence of any induced field. For σ << 1, we can also write 
  (   )   0 (                  )   
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In general, the molecular electronic cloud will not exhibit spherical symmetry with respect to 
any particular nucleus in the molecule. As a result           at any particular nucleus will 
depend on the orientation of the molecule with respect to   , as well as on the position of the 
nucleus in the molecular structure. Therefore, in general the chemical shielding will be 
anisotropic, given by a second rank tensor, which for a given orientation of the molecule in 
the laboratory frame (xyz), can be written  
 
  [
         
         
         
]    
 
 (2.21) 
Considering that      µ ∙ Binduced   we have  
                 
 
   (2.22) 
where γ is the gyromagnetic ratio,   is Plank's constant and I is the spin operator.  
    can produce shifts in resonance frequencies, which may lead to a spectrum that 
provides information about the chemical shift tensor. This in turn may lead to information 
about the structure of the molecule on which the spins reside.  
It is possible to define a Principal Axis System (PAS), fixed in the molecule, such 
that the shielding tensor becomes diagonal. Let the PAS be defined by X, Y and Z and the 
corresponding shielding tensor components be σXX, σYY and σZZ. The geometry involved is 
shown in Fig. 2.3. 
  15 
 
 
 
у 
σZZ 
σYY 
σXX 
Z 
X 
θʓz 
ʓ 
x 
Y 
Figure 2.3 Diagram showing axes defining the laboratory (x, y, ʓ) and the PAS (X, Y, Z), 
frames as well the principal components of the chemical shielding tensor.                   
Adapted from Chemwiki. 
B0 
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In the principal axes system  
 
     [
   0 0
0    0
0 0    
]   
 
(2.23) 
In high field NMR experiments one typically measures only the secular part of the 
chemical shift interaction (excluding terms containing Ix and Iy); i.e., effectively σzz, in the 
laboratory frame. The components of the shielding tensor in the laboratory frame can be 
obtained from those in the PAS frame using rotation matrices where the transformation 
involves rotations about each coordinate axis in turn. A convenient development is presented 
by Stejskal and Memory [11]. Letting the angles between the principal axes of the shielding 
tensor and B0 be θӡX, θӡY, θӡZ they give  
           
           
           
        (2.24) 
For fast, random motion, this becomes [11]  
 
         
 
 
(           )  
 
 
  * +     (2.25) 
This is also referred to as the isotropic chemical shift, which is typically measured in liquids 
[11].  
  
  17 
2.2 Magnetization Exchange in Biological Material 
A “spin group” is a group of spins which exhibit the same relaxation characteristics, 
the spins involved experiencing a similar structural and dynamic environment. The sum of 
the proton signals from all spin groups in the sample will make up the observed proton NMR 
signal. Under ideal conditions the NMR signal can be decomposed into components 
representing the individual spin groups. Then, the intrinsic NMR characteristics of individual 
spin groups, in the different environments can be studied to deduce information about 
molecular structure and dynamics. 
In the presence of magnetization exchange, the observed relaxation rates and sizes of 
different spin groups may deviate from the intrinsic values. Instead, the evolution of the 
magnetizations involved is modified by exchange, so that only the apparent relaxation 
parameters are observed. The distinction between intrinsic and apparent parameters is 
described schematically in Figure 2.4 for a 2-site case consisting of a site "a" with intrinsic, 
equilibrium magnetization Ma and intrinsic spin-lattice relaxation rate Ra, and a site "b" with 
corresponding parameters Mb and Rb. With exchange, the observed rates and fractions are 
determined by the M’s and R’s, as well as, the exchange rates (k’s), and are called the 
apparent relaxation rates (λ’s) and apparent magnetization fractions (C’s), respectively. Then, 
information about the molecular dynamics and structure of the spin groups cannot be 
obtained directly from the observed relaxation rates and magnetization fractions. Under 
favorable conditions intrinsic relaxation parameters, or relaxation information, can be 
extracted from the observed, or apparent, parameters through exchange analysis [12, 13].  
  18 
 
Figure 2.4  Schematic representation of the intrinsic and apparent relaxation scenario for 
2-site exchange. (a) No exchange: The intrinsic rates and magnetization fractions are 
shown, which in this case are also the corresponding observed rates and fractions. (b) 
With exchange: The intrinsic parameters and the exchange rates are shown. (c) With 
exchange: Only the apparent relaxation rates (λ’s) and apparent magnetization fractions 
(C’s) are observed.  
 
(b) Exchange (c) Apparent 
(a) Intrinsic 
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In a biological structure such as cartilage, spin groups can experience three different 
types of magnetization exchange: chemical, physical and magnetic exchange. Chemical 
exchange involves exchange of hydrogen atoms between molecules or between atomic 
groups on molecules, effecting proton magnetization exchange between water molecules, 
between water molecules and macromolecules, between different macromolecules and 
between intra macromolecular atomic groups. Physical exchange involves the exchange of 
molecules themselves between sites, carrying the molecules’ proton magnetizations with 
them. The term “magnetic exchange” is commonly used to refer to magnetization exchange 
effects produced by magnetic coupling of dipoles across the interface between two spin 
groups. Commonly it is assumed that magnetization exchange due to physical and chemical 
exchange between bound water and bulk water is in the fast exchange regime [14, 15]. The 
magnetization exchange due to magnetic coupling between the nuclei of two or more 
different spin groups on macromolecule is called spin diffusion if the motions of the 
internuclear vectors involved satisfy ωD τ >> 1 [16],   or cross-relaxation if the motions (or 
some motional modes) do not satisfy this condition.   
A multisite magnetization exchange scenario is used to model cartilage. Each site or 
spin group or spin reservoir “i” has a unique spin temperature, distinguishable from the other 
sites through a unique set of NMR spin relaxation parameters: Moi, T1i, T2i, and T1ρi, as well 
as rates of magnetization exchange with other sites. It is assumed that spin groups are 
coupled, so that magnetization exchange between reservoirs is possible. In addition, this 
coupling mechanism is assumed to effect magnetization exchange only and does not act as a 
relaxation mechanism. The reduced magnetization of the i
th 
site for the T2 experiment can be 
  20 
define as mi (τ) = Myi (τ)/M0i.  For the inversion recovery (T1) experiment the reduced 
magnetization is expressed by mi (τ) = (M0i - Mzi (τ))/ 2M0i, and for the spin lattice relaxation 
time in the rotating frame (T1ρ) experiment, the reduced magnetization is given by               
mi (τ) = Mxi (τ)/M0i. The reduced magnetization as function of time, and exchange between 
spin reservoirs, can be described by modified Bloch equations as given by Zimmerman and 
Brittin, [13], 
 
   ( )
  
  (              )  ( )       ( )         ( )    (2.26) 
where R’s is the intrinsic relaxation rate of the ith spin group or site, and kij is the rate of the 
magnetization exchange from site i to site j, and kji is the rate of exchange in the reverse 
direction.    
In this work exchange between up to four sites is considered. For four site exchange, the 
solutions to (2.26)  
  
  
  ( )    
     
      
     
      
     
      
     
       (2.27) 
where i = 1, 2, 3, 4 and the C’s are the apparent magnetization fractions, which are functions 
of the intrinsic parameters (R’s, k’s, and Mo’s).  
The λ’s are the apparent relaxation rates which can be expressed in terms of the intrinsic 
relaxation rates and exchange rates. The superscripts (++, +-, -+, --) express the fastest, fast, 
slow, and slowest relaxation rates, respectively.  
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Numerous multi-site exchange discussions have been presented by NMR 
spectroscopists; for example see Ernst [17]. Specifically, four- site exchange modified Bloch 
equations and their solutions have been discussed in detail in J. Hinke’s thesis (2D Time 
Domain NMR Study of Wood, 1997) [18]. By solving the coupled differential equations 
2.26, the apparent parameters, C’s and λ’s, can be expressed in terms of the intrinsic 
parameters Ri, kij and M0i, and vice versa. 
W. P. Weglarz (see ref. 18), developed an exchange analysis procedure which is based on the 
minimization of the difference between the experimental apparent parameters and the 
apparent parameters calculated from equations relating the apparent to the intrinsic 
parameters, according to the particular exchange model being considered (Oleskevich et al. 
[19]). The procedure involves the minimization of the following function  
 
 [            (0)]  ∑∑
{ [             (0)]     }
 
   
 
  
     (2.28) 
The subscripts i, j represent a pair of sites from sites 1, 2, 3 and 4 of the four-site exchange 
system. The spins in the i
th
 site are presented by the reduced magnetization mi (0). The k’s, 
C’s and T’s are the intrinsic relaxation parameters. The function of these intrinsic parameters 
is represented by P [kij, Ci, Ti, mi (0)]. The function of the apparent parameters is represented 
by Pln where the apparent parameters are taken from the corresponding experimental values. 
The σln are the standard deviations from the analysis of relaxation curves [19]. The sums in 
Eq. 2.28 run over all l apparent parameters obtained from the results of one experiment and 
over n experiments, such as T1HH and T1SH. The SIMPLEX minimization routine is used to 
minimize this function, which provides estimates of the intrinsic parameters[20].   
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2.3 NMR Techniques 
2.3.1 Magic Angle Spinning (MAS) 
In a dipolar coupled solid significant line broadening results from dipole-dipole 
interactions and chemical shift anisotropy. Such line broadening severely limits spectral 
resolution.  In solution, the anisotropic parts of these interactions are averaged out by the fast 
isotropic tumbling of molecules, resulting in narrow lines and high resolution spectra. It is 
possible to undo the line broadening resulting from anisotropic interactions in solids by 
imposing the appropriate time dependence on such interactions by means of mechanical 
rotation of the sample. In MAS NMR, rotating the sample at the magic angle θm = 54.74° 
with respect to the static field (see Fig. 2.5) and at a spinning frequency higher than the 
coupling (in frequency units) of the spin species, will average all anisotropic interactions 
expressed by symmetric second rank tensors [21, 22].  
The coupling due to the terms A and B of    
   (     ( )   )    (2.30) 
where θ is the angle between the interaction vector and the external magnetic field. Now 
consider rotation or spinning of a solid sample with the rotation axis making an angle    with 
Bo. Define an angle   between the interaction vector and rotation axis. Here    and   are 
assumed fixed. If the spinning frequency is much greater than the interaction (in frequency 
units) being considered, the time average of ((     ( )   ) becomes:  
          (         )(    
    )    (2.31) 
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where the overbar indicates time average with respect to sample rotation. The angle θr, can 
be adjusted and is normally set to θr = θm ≈ 54.7
o
, with the result that the secular contribution 
to dipolar line broadening vanishes.  
Consider the chemical shielding tensor given in equation 2.24. If the sample is 
rotating about an axis, making an angle θr with respect to Bo, and χx, χy and χz are the angles 
between the principal axes and the rotation axis, Stejskal and Memory [11] give  
 
    (
 
 
) (      )(           )
 (
 
 
) (         )(      
          
          
   )    
(2.32) 
For θr = θm only the first term survives and the chemical shift reduces to σiso.  
Thus, fast rotation (ωrotation > interaction being addressed) of the sample about an axis 
oriented at 54.7° (magic-angle) with respect to the static magnetic field, removes broadening 
effects due to chemical shift anisotropy and dipolar interactions [11]. In addition, MAS can 
average out first-order quadrupole interactions, and decrease effects due to inhomogeneity of 
the magnetic susceptibility. MAS results in an enhancement of spectral resolution by line 
narrowing also in articular cartilage tissue and is used in the present study.  
2.3.2  Chemical Shift Imaging (CSI) 
Chemical shift imaging (CSI) combines MRI with magnetic resonance spectroscopy 
in a 2D or 3D setting. In effect a chemical shift spectrum is obtained for each pixel or voxel 
in the MRI experiment; each pixel or voxel can be represented by a spectrum. CSI can be 
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combined with other NMR experimental protocols such as inversion recovery experiments, 
for example. With the development of CSI various chemical shift selective imaging schemes, 
involving chemical shift encoded excitation, saturation and chemical shift insensitive slice 
selective RF pulses, were developed. This technique was initially presented in 1982 by T. R. 
Brown et al. [23] and has now become a powerful tool in biomedical research and clinical 
diagnostics.  
 A simple sequence for 1D CSI, using the spin echo, is given in Figure 2.6. The 
sequence contains a 90
o
 RF pulse to start excitation, followed by a 180
o
 pulse to refocus the 
spins at time tE. A pulsed magnetic field gradient (Gx) of duration δ, applied after the 
refocusing pulse, encodes spatial information into the phases of the free induction decay 
signal. At time tE the magnetic field gradient is switched off and the ensuing FID signal 
(second half of the echo) evolves under the influence of only T2 and the distribution of 
frequencies associated with the chemical shift distribution. 
The FID is recorded along the t axis for times tE + t, for several values of Gx. A 2D 
Fourier transform with respect to    
    
  
, the k-space variable, and t yields the spatial 
distribution (here along x) of frequencies (chemical shifts).  
While MAS can remove dipolar coupling and chemical shift anisotropy, resulting in 
sharper spectra, CSI does not. Nevertheless, CSI has been successfully applied in the 
observation of high resolution spectra of small metabolites in tissue. PG undergoing motion 
in cartilage is not a small structure, but owing to large and fast segmental motions, relatively 
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sharp spectra of PG can be obtained under stationary conditions. A circumstance, which 
combined with CSI, could provide a practical method of observation in vivo [24-26].  
 
 
  
  
Figure 2.6 Simple 1D chemical shift imaging (CSI) pulse sequence starting with the 
excitation pulse = 90
o
, followed by a refocusing pulse = 180
o
. The magnetic field gradient 
pulse is placed after the refocusing pulse and before the data aquisition. tE is the echo time, 
G is the magnetic field gradiant pulse amplitude and δ is the pulse duration.  
Reproduced from RCS with permission [26].   
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Chapter 3 
Articular Cartilage 
3.1  Bovine Articular Cartilage  
Articular cartilage (AC) is a smooth, connective tissue made up of 10-20% collagen, 
5-10% proteoglycan (PG) and 70-85% water [27, 28]. It is designed to smooth the movement 
of joints and to act as a shock absorber. It helps to distribute the pressure and weight over the 
joint and helps to minimize friction between bones. The extracellular matrix (ECM) of the 
cartilage, comprised mostly of collagen, proteoglycan and water, maintains tissue integrity. 
AC is a heterogeneous material and is a relatively complex system. This tissue does not have 
a direct blood supply, lymphatic vessels or nerves, and it contains only a small percentage   
(< 1% of dry tissue weight) of chondrocyte cells [2, 29], which leads to difficulties in the 
tissue repairing itself.  With the onset of osteoarthritis (OA), tissue repair is unable to keep up 
with breakdown of cartilage, resulting in a net loss of PG in the early stages, as well as 
collagen as the disease progresses. Cartilage loss causes joint stiffness and pain, leading to 
difficulties in movement. A representative sketch of cartilage on one articulating bone, 
showing the different cartilage zones and main cartilage constituents, is given in Figure 3.1. 
A more detailed sketch of the extracellular matrix is given in Figure 3.2. 
Articular cartilage has been studied intensively in the literature to understand this 
unique tissue’s morphology and physiology. Within the present context, of particular interest 
are details about the structure and dynamics of the main extracellular matrix-components 
with a view towards their detection in early OA. With the aim of providing a basis for  
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Middle Zone 
40 - 60% 
Superficial 
Zone 
10 - 20% 
Deep Zone 
30 - 40% 
Figure 3.1 Cartilage on an articulating bone showing the collagen distribution through 
different zones. Reproduced with permission, from Mescher Anthony, Edition 12, 
Junqueira’s Basic Histology: Text and Atlas [29]. 
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interpreting results obtained in NMR experiments, the structure and composition of collagen 
and PG of bovine articular cartilage are considered below.   
The extracellular matrix comprises two main structures, collagen and proteoglycan [28]. 
  
Collagen  
Collagen 
fibril  
Hyaluronic 
Acid 
PG monomer 
Link-Protein 
CS 
KS 
Core Protein 
Figure 3.2 Extracellular matrix composition. Adopted from “ Functional anatomy of 
the musculoskeletal system/ Clinical gate”. 
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3.1.1 Chondrocytes 
Chondrocytes are highly specialized cells. They vary in size and morphology and 
their arrangement changes with depth in the tissue (Fig. 3.1) [30]. They are found in a 
scattered flat shape in the superficial zone, while they are organized into columns in a 
rounded shape in the middle zone, and grouped in clusters in the deep zone. The cell density 
decreases from superficial to deep zone [31]. Chondrocytes produce collagen, proteoglycans, 
etc. as needed. They are ~ 5 % of the cartilage wet weight and about < 1 % of the dry tissue 
weight [2, 29]. 
3.1.2  Collagen 
Collagen found in articular cartilage is mainly collagen II. Collagen exists as a long-
fiber protein. Its tensile strength is ~ 300 MPa, comparable to steel. Collagen type II fibers 
are made of three α-helices as presented by Ramachandran [32]. These characteristics of 
collagen explain the strength and characteristics of the cartilage tissue under pressure and 
deformation. Collagen creates a framework that houses the other components of cartilage. 
Collagen fibers are arranged in the cartilage tissue with different orientations, depending on 
the zone in which they appear in the cartilage (Fig. 3.1) [30]. In the surface zone, collagen 
fibers are parallel to the surface, while in the middle zone, they are more randomly 
distributed, with some fibers partially perpendicular and others partially horizontal to the 
articular surface, but in the deep zone, collagen fibers are arranged perpendicular to the 
articular surface which holds the tissue to the bone surface. Collagen II is rich with hydroxyl-
lysine, which makes those fibrils thinner than other collagen types. Each fibril is made up of 
a triple helix of collagen whereby the left-handed polypeptide helices are grouped together to 
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form a right-handed super-helical structure. Each chain is made up of 1000 amino acids with 
a repetition of Gly-Pro-Hyp. This kind of packing holds the fibrils together to form the 
collagen fiber and gives the collagen its rigidity. This triple helical structure is responsible 
for its strength. Each tropocollagen is about 300 nm long with a diameter of 1.5 nm and a 
molecular weight of 2.85 x 10
5
 g/mol.    
3.1.3  Proteoglycan 
Proteoglycan has a high molecular-weight aggregating structure in articular cartilage. It has 
been extensively studied over the last decades; e.g., Hascall, [33], Paulsson et al. [34], 
Evered and Whelan [35], Hassell et al. [36], Kuettner et al, [37] Heineggrd and Sommarin 
[38].  Hyaluronic acid (HA) is the backbone for the PG structure and it is made up of a linear, 
unsulphated polysaccharide high in molecular weight (0.25-1 million in cartilage) with 
interspersed glucuronic acid and N-acetyl glucosamine residues [39]. The aggrecan is made 
up of the globular N-terminal G1 domain which contains a lectin-like binding site to bond 
with Hyaluronan acid (Figure 3.3). Hyaluronan acids are very long chains, and each chain 
can bind a large number of aggrecan which are made of core proteins and disaccharides that 
resemble bottle brushes of keratin sulfate (KS) and chondroitin sulfate (CS), (Figure 3.3). 
Link protein is a small glycoprotein (45 kDa) that works to stabilize the aggrecan binding to 
Hyaluronan. The G1 domain of aggrecan is called the proteoglycan tandem repeat (PTR) 
which works as the link module protein. The G2 domain of aggrecan is structurally similar to 
G1 and link protein.  HA interacts with link protein and core protein within the amino-
terminal domain of the core proteins to aggregate together and form large 
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proteoglycan units. One Proteoglycan monomer contains core protein connected with 
hyaluronic acid to create a bottlebrush tree-like structure [33]. The glycosaminoglycan 
(GAG) is made up of three main sugar rings (disaccharides), composed of chondroitin 4-
sulfate, chondroitin 6-sulfate, and keratin sulfate. GAG is full of carboxyl residues (-COO-) 
and sulfate ester groups (O-SO3-) that bind to the disaccharide sequences which gives a high 
electrostatic feature of a fixed charge density to the PG [40-42]. The fixed charge density 
plays a major role in maintaining AC integrity when it is under pressure and controls the 
amount of water getting into the tissue due to osmotic pressure [43-45]. Table 3.1 shows the 
decomposition of a PG monomer into different parts, with each part characterized by its 
molecular weight, in kDa and its proton spin density in spins/kDa [46, 47]. The number of 
spins has been calculated from the molecular mass of each part multiplied by its spin density. 
In addition, the percentage of proton spins for each subunit has been calculated, Table 3.1.   
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Table  3.1 Proteoglycan components and number of 
1
H nuclei in the PG monomer subunits. 
 
 
  
Domain as 
defined in 
Fig. (3-2) 
Mol. mass 
(kDa) 
Proton Spin 
Density 
(spins/kDa) 
Number of 
Spins 
1
H 
content 
(%)  
 
Liquid 
(L) 
 
 
Solid 
(S) 
 
LP 39 45 1755 5.2 - S 
G1 38 65 2470 7.3 - S 
E1 (IGD) 12 30 360 1 L - 
G2 25 65 1625 4.8 - S 
 
 
 
5-10 (KS) 52 (8.8: N-Ac) 364 (62) 1 L - 
125 (CS) 46 (8.7: N-Ac) 5750 (1088) 16.9 (3.2) L - 
~110 (KS) 52 (8.8: N-Ac) 5720 (968) 16.8 (2.8) L - 
G3 25 65 1625 4.8 - S 
Core Protein 200 65 13000 38.2 - S 
HA 25 55 1375 4 - S 
Sum 606 475 34044 100 35.7 64.3 
E2 
KS 
CS 
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By combining information about the structural morphology of each subunit within the 
large PG monomer with our experience about the liquid-like (L) and solid-like (S) NMR 
characteristics of polymeric systems, the various subunits have been assigned as S or L 
character (Table 3.1). The Link-Protein (LP) (Figure 3.3) has been assigned as solid (S). The 
G1 and G2 regions are globular proteins, which form the N-link and O-linked 
oligosaccharide, have been assigned as solid. E1 region contains a small percent of Keratin- 
Sulfate (KS) and has been assigned as liquid (L), Figure 3.3. The E2 region is the most 
mobile region of the PG monomer as it contains the chondroitin-sulfate (CS) and keratin-
sulfate (KS) chains and has been assigned as liquid (L). The G3 globular protein from N-link 
has been assigned as solid, similar to G1 and G2.  The core protein and the hyaluronic acid 
are the backbone of the structure and have been assigned as solid. The N-acetyl group is 
found everywhere in the structure, but we assumed that the groups from CS and KS are the 
most mobile ones. Information about these N-acetyl groups is presented in Table 3.1 in 
brackets.     
The S and L characterization will help to explain the relaxation results and 
interpretation in Chapter 5. 
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3.2 NMR of Cartilage Tissue 
Nuclear Magnetic Resonance (NMR) has proven to be a sensitive method for 
studying structural details and molecular dynamics in articular cartilage [48-54]. Much work 
has been done using Magnetic Resonance Imaging (MRI). T2 relaxation time experiment is 
an important starting point when characterizing the biological tissue (solid and liquid 
components) and studying the macromolecule and water molecule dynamics [55-61]. Crema 
et al. [62] concluded that MRI has been proven to be a non-invasive for cartilage diagnosis. 
NMR has been used extensively to study/detect changes in articular cartilage tissue with the 
progression of osteoarthritis (OA) [63]. Dardzinski et al. [64] observed that T2 relaxation 
time increases from the subchondral bone to the cartilage superficial surface, which is related 
to collagen orientation. Xia et al. and Lammentausta et al. [65, 66] reported dependence of 
T2 on collagen orientation, within the same slice and at the same locations. Wang and Xia  
[63, 67] pursued an NMR and MRI investigation on multi-component relaxation in nasal 
cartilage, and found that the tissue orientation, relative to the main magnetic field Bo, 
influences the number of observed components in the T2 and T1ρ experiments.  
Various NMR relaxation time studies in articular cartilage have been used to 
accompany the MRI research [54]. The various MRI and NMR approaches are used; the 
most promising techniques for the detection of OA are magnetization transfer experiments 
and low-field T1ρ spin-lattice relaxation experiments [68-71]. Previous studies have shown 
that osteoarthritis could be monitored by water proton NMR as the water behavior in the 
tissue changes with OA [54, 72, 73]. Therefore, it is important to understand the physics of 
the water in cartilage; specifically, the dynamics of water interacting with macromolecules of 
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cartilage tissue, and magnetization exchange between various water pools and 
macromolecules [54, 74-77].  
A major challenge facing researchers investigating the details of macromolecule-
water interactions in cartilage is the high moisture content (MC ~350 - 400%) of natural 
tissue [53]. As a result of the large MC, only a small fraction of the proton NMR signal is 
from macromolecules and bound water. In this study, the effect of the bulk water in the tissue 
was diminished through freezing and deuterating the tissue. Temperature dependence of 
phase transitions in cartilage tissue has been studied by Tzou et al. [78]. They reported that 
cross-relaxation spectroscopy rates can estimates the NMR parameters of the cartilage tissue 
and the temperature dependence technique can provide molecular dynamics information of 
bulk and bound water in cartilage. Understanding the molecular dynamic of the water in the 
tissue can be used to clarify the tissue characterization [78]. Fullerton et al. [75, 79] reported 
multiple non-bulk water regions in hydrate collagen and lysozyme systems and they 
concluded that in three water regions the water could be characterized as interfacial 
monolayer water. Haskin et al. [80] used three different methods (flow rate, dehydration 
monitored by proton NMR, and freezing point characteristics) on temporomandibular joint 
(TMJ) disc to study the different water compartments in it. They concluded that all of the 
water in the intact TMJ disc is bound water. They identify two major non-bulk water 
components and gave their sizes as 1.13-1.30 g water/g DM in the least tightly bound water 
region, and 0.90-0.99 g water/ g DM in the tightly bound water region. Haskin et al. [80] 
performed proton NMR spectral measurements in TMJ discs over the temperature range of 
4
o
C to -98
o
C to check where water phase transitions occur. As the temperature was lowered 
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from 20
o
C, a clear freezing phase tradition was observed at -12
o
C at which point about 60% 
of the signal was lost due to freezing of the least tightly bound water. Another distinct 
decrease in water proton signal, signifying additional freezing of water, occurred at -72
o
C, 
but a signal was still detectable at the lowest temperature. In the present work, the idea 
behind freezing the tissue is to allow tissue characterization in the presence and absence of 
bulk liquid water.  
The dynamics and mobility of collagen in cartilage have been extensively studied by 
Huster et al. [81, 82] , and the assignment of the collagen spectra have been presented by 
Saito et al. (1992) [83]. NMR was shown to be a promising technique for the detection of 
small fragments by Huster et al. [29]. In the same study, the Huster group described different 
NMR techniques to study the macromolecular dynamics, water diffusion, and enzymatic 
degradation of the tissue in vitro [29]. In order to study and investigate macromolecule and 
water proton magnetization exchange, Ghiassi-Nejad et al. [53] and Lattanzio et al. [54] used 
a D2O buffer solution to deuterate the tissue. Deuterating the cartilage tissue helps to reduce 
the water proton magnetization signal and to minimize complications resulting from the 
coupling between water and the macromolecule spins. It is also used to characterize the 
motions and interactions of collagen and PG in the tissue matrix. Schiller et al. [84] and 
Huster et al. [82] showed that HR-NMR spectroscopy can differentiate between the effects of 
different proteases, such as Trypsin, Papain, and Collagenase on cartilage. Lattanzio et al. 
[54, 85] investigated the effect of PG-depletion on NMR relaxation parameters by using 
trypsin enzyme to achieve three depletion levels (20, 30, and 40%) and monitoring the 
changes on NMR relaxation times.  Using optical techniques Moody et al. [86] 
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demonstrated that the rate of progression of trypsin into cartilage is affected by the 
distribution of matrix molecules in the tissue as well as trypsin concentration. The authors 
suggest that in view of the details of the 3D PG distribution, different from sample to sample, 
the methodology for characterizing the tissue degradation for any particular sample needs to 
be standardized.   
 A T1ρ-weighted MRI technique that allows for the determination of the spatial 
distribution of absolute PG content, was demonstrated by Regatte et al. [71] . In this 
approach a spatial map of % GAG content is arrived at utilizing the ratio of two T1ρ-weighted 
images taken at two different spin-lock fields.  
 Magnetization exchange between cartilage tissue constituents is a complicating factor 
when attempting to deduce intrinsic relaxation information about the tissue, which is needed 
if details about molecular dynamics are being sought after. At the same time, details about 
magnetization exchange can change as the tissue becomes osteoarthritic, so that this 
complicating factor has potential application in the detection of OA. Considerable literature 
exists on magnetization exchange in articular cartilage tissue (see [54, 77, 87-90]). A key 
aspect of any magnetization exchange analysis, within the present context, is the definition of 
the correct exchange model, involving an appropriate number of spin reservoirs or sites.  In 
1992, Morris et al. [91] used an inversion transfer approach, involving selective 
magnetization inversion with high and low power pulses, to study magnetization exchange in 
cartilage tissue. They concluded that about half of the macromolecule spins are found in a 
liquid-like state and have similar T2 as the “free” water in the tissue so that these two signal 
components become indistinguishable in the experiment. The liquid-like macromolecular T2 
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component was assigned to very mobile proton groups on PG. A similar conclusion was 
reached by Ghiassi-Nejad et al.[53], Nightingale et al. [92], and Lattanzio et al. [54] in NMR 
relaxation studies of cartilage.   
Using magnetization transfer experiments Kim et al. [77] investigated magnetization 
exchange between water and a) collagen in solution, b) PG in solution and c) 
macromolecules in articular cartilage. These authors observed significant magnetization 
transfer effects between water and collagen protons, but not between water and PG protons; 
in effect a 2 - site exchange model was considered.  
Tessier et al. [88] applied a magnetization transfer approach to study magnetization 
exchange in a number of macromolecule – water system, including bovine nasal cartilage. A 
2 – site exchange model, consisting of water and collagen, was found inconsistent with the 
experimental results. By including a third site, assigned to protons of mobile PG, these 
authors found that the χ2 values associated with the fitting of the exchange model to the data, 
decreased significantly relative to that found for the 2-site case. 
 Adler et al. [89] used a projection operator approach to model cartilage as a 3-
component system (solid, bound water, free water), rather than the usual approach based on 
the Bloch equations modified for exchange. The rate equations, derived using the projection 
operator approach, allow for non-exponential solutions, including Gaussian functions for the 
solid-like magnetizations.  
Nieminen et al. [93] studied the collagen arrangement in articular cartilage using 
polarized light microscopy and found a strong correlation between the collagen arrangement 
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and the spatial distribution of T2, as determined using MRI. With the aim of resolving 
multiple T2 components in articular cartilage, Reiter et al. [94] first simulated the multi-
exponential evolution of the magnetization to optimize the acquisition parameters needed, 
and then performed the T2 experiments.   
Different techniques have been used to investigate early detection of osteoarthritis. 
Broche et al. [95] found that fast field-cycling (FFC) NMR can detect changes in the 
14
N 
quadrupolar peaks of cartilage as it changes from a normal state to an osteoarthritic state. T1ρ 
imaging has been shown to be sensitive to PG changes in cartilage [70, 71, 96] 
Ficat and Maroudas [97] discovered a correlation between the different ions 
distributed in articular cartilage and the fixed negative charge density for proteoglycan. 
Kusaka et al. [98] used manganese ions (Mn
2+
) in saline solutions with different 
concentrations as contrast agents for articular cartilage in MRI experiments. They found that 
MRI of articular cartilage was enhanced by using Mn
2+
, which allows researchers to visualize 
the internal structure of PG distribution in the cartilage tissue. McKeag et al. [99] combined 
MR spectroscopy and tissue pathology results to estimate the severity of osteoarthritis. They 
found a correlation between severity of osteoarthritis, percent water and T1.  
Werner et al. [100] studied calcium induced structural changes of cartilage 
proteoglycans using proton NMR relaxation and diffusion measurements. They showed that 
increased osmotic pressure of proteoglycan can be caused by osteoarthritis, or ageing and 
will induce these changes in the cartilage.   
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Magic Angle Spinning (MAS) NMR technique has been used to resolve spectra of 
articular cartilage, which are strongly dominated by broad resonances [101-103]. Naji et al. 
[104] was the first to investigate cartilage by applying high resolution magic angle spinning 
(HRMAS). These authors studied 
13
C NMR because the broad range of 
13
C chemical shifts is 
helping in resonance assignment. Schiller et al. [84, 105, 106] concluded that HR-MAS 
experiments are the most suitable techniques for differentiating between the different 
cartilage components, which is needed to study the effect of enzymatic treatments. Ling et al. 
[107] presented 
1
H and 
13
C spectroscopic results for bovine patellar cartilage and chondroitin 
sulfate (CS) solutions, which will serve as a guide for the spectral assignments in cartilage 
tissue. Borel et al. [102] reported 
1
H HRMAS characterization of osteoarthritic articular 
cartilage. They found close relation between the degradation of macromolecules (PG, 
collagen) and chondrocyte death. Scheidt et al. [103] applied 
13
C MAS NMR spectroscopy to 
investigate and characterize the mobility of chondroitin sulfate in articular cartilage.  
Magnetic Resonance Imaging has been one of the most popular techniques to 
investigate cartilage and to find markers toward early OA detection [108, 109].  Proton MRI 
signals in cartilage are dominated by water proton signals because water makes up about 
85% of the tissue by weight. The larger fraction of the water is free water, which is in fast 
exchange with water bound to macromolecules. Thus, in MRI of cartilage changes in the 
macromolecules is observed indirectly from proton MRI [110]. 
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The Chemical Shift Imaging (CSI) NMR technique was introduced in 1982 by Brown 
et al. [23]. The CSI technique showed promise for obtaining high resolution with a high 
signal to noise ratio and chemical shift distribution range. This technique has been used 
mostly to study small metabolites, such as phosphorylated metabolites, in the brain [25, 26, 
111]. In this project, CSI is used for the first time to investigate large macromolecules in 
cartilage to find a sensitivity marker that could have application in clinical detection of OA.   
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Chapter 4 
Experimental and Analysis Methods 
4.1  30 MHz Experiments 
4.1.1 Sample Preparation  
Femoral articular cartilage tissue samples were harvested from freshly-slaughtered 
bovine animals, between twelve and twenty four months in age. Each sample plug was 6 mm 
in diameter and approximately 1 mm in thickness in order to fit into a thin-walled NMR tube 
with an outer diameter of 7.5 mm. Each tube contained ten plugs of cartilage so that the 
sample length measured ~ 1 cm. All plugs were stored in a phosphate buffer saline solution 
(PBS) at 4
o
C until use.  
Some of the samples were deuterated in order to achieve a better resolution of the 
macromolecule signal by decreasing the contribution to the signal from water protons. 
Cartilage plugs were deuterated by treating them with a deuterated balanced solution 
(D2OPBS), changing the bath three times under nitrogen gas flow in a glove box to 
completely replace H2O with D2O. The first bath was changed after four hours, the second 
was changed after twelve hours, and the last left for forty-eight hours to give enough time for 
slow exchange to occur. The plugs were then removed from the bath, blotted gently using 
Kim wipes to remove excess PBS and introduced into the NMR tube and quickly flame 
sealed to avoid any moisture (H2O) contaminating the sample. Both deuterated and non-
deuterated samples were measured at 3
o
C and -10
o
C. After completion of NMR experiments 
each sample was dried fully by opening a small hole in the glass tube and placing it in ~ 10
-4
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Torr vacuum for 48 hours. Each sample was weighted before and after drying to calculate the 
moisture content.  
4.1.2 Apparatus 
A low-field home built NMR spectrometer system operating at 30 MHz was used to 
perform all relaxation time measurements using broad band RF electronics combined with a 
PC-operated data collection and analysis program. The sample temperature was controlled at 
a given temperature, between 16
o
C and -30
o
C using a nitrogen gas flow system to maintain 
the temperatures within ± 0.5
o
C. 
4.1.3  NMR Relaxation Experiments 
4.1.3.1  Free Induction Decay (FID) Experiment 
When a 90
o
 RF pulse is applied at resonance, to the spin system at thermal 
equilibrium, with macroscopic magnetization M0 along the z-axis, it will flip the 
magnetization into the xy plane. Due to a distribution of local fields the frequencies of spins 
will be randomly distributed over a small range of frequencies centered at ω0 = γB0, where 
B0 is the applied static field. As a consequence of the resulting spin dephasing in the xy plane 
the macroscopic magnetization will decay.  The y-component of the magnetization can be 
expressed as  
   ( )        (
 
  
) (4.1) 
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where T2 equals the spin-spin relaxation time and is the time it takes for the magnetization to 
reduce to 1/e of its quantity at t = 0. Therefore, T2 can be measured from the free induction 
decay (FID) following a single RF 90
o
 pulse (length 1.75 μs). In the present FID experiments 
the signal was averaged using up to 200 accumulations, depending on the signal-to-noise 
ratio (S/N); i.e., natural or deuterated sample and above or below freezing. Due to 
inhomogeneities in the magnetic field produced by the magnet used in this study, T2 values 
of about a millisecond or longer, obtained from the FID measurements are artificially 
shortened. Therefore, in cases where T2 ~ ms, or larger,  the transverse decay was also taken 
using the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence (Meiboom et al. 1958, Carr et 
al. 1954) [112, 113]. 
4.1.3.2  Carr-Purcell-Meiboom-Gill (CPMG) Experiment 
Inhomogeneities in the static magnetic field will result in different spins precessing at 
different rates within the sample, resulting in the dephasing of spin isochromats, which in 
turn contributes to the rate of the transverse decay. While the loss in coherence due to spin-
spin interaction is irreversible. Reversing the inhomogeneous dephasing can be done by 
using a 180
o
 pulse at a time t, which will invert the magnetization vectors and lead to 
refocusing of the magnetization vectors, forming an echo at time 2t. In uncomplicated cases, 
the echo intensity, relative to the initial signal, is given by  
     ⁄   where T2 is the time 
constant for spin-spin relaxation. Instead of utilizing a single Hahn echo, the CPMG pulse 
sequence consists of a 90x
o
 pulse applied along the x-axis followed by a train of 180y
o
 pulses 
resulting in an echo train. In the present experiments an inter-pulse spacing CPMG pulse 
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(also inter-echo spacing) of 200 µs was used. To improve S/N ratio, 20 echo trains were 
averaged. To determine the baseline typically a hundred echoes were collected at t ≥ 10 T2 
for each accumulated echo train, and averaged.  
4.1.3.3 Spin-Lattice Relaxation Time (T1ρ) Experiment in the Rotating Frame 
T1ρ was measured using the spin-locking technique. After rotating the magnetization 
into the xy plane, say along x-axis, a low-power RF pulse B1 -a spin locking pulse- is applied 
along the x-axis, exactly at resonance. During the spin-locking pulse the spin system will see         
B0 +B1. In effect this adds another spin-lattice relaxation mechanism that involves transitions 
between energy levels separated by         . In the spin-locking experiment the 
magnetization is allowed to relax along the B1 field for a time τ. The RF field is turned off 
and the FID is recorded. The experiment is repeated for various τ values. The magnetization 
decay in the rotating frame, in the presence of the spin-locking field, can be written as  
 
  ( )       ( 
 
   
) (4.3) 
where T1ρ is the characteristic time for the magnetization to decay 1/e of its initial value.    
T1ρ is very sensitive to motions occurring at a Larmor frequency ω1 = γB1. As molecular 
dynamics in polymeric systems, such as tissues, typically also include slow motional modes, 
the relaxation rate 1/T1ρ can be dominated by such slow modes. As a consequence, in tissues, 
the spin-lattice relaxation time in the rotating frame is often considerably shorter than T1. 
Therefore, T1ρ measurements may provide relaxation parameter values that are less 
influenced by exchange and are closer to intrinsic values. T1ρ measurements were performed 
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with a B1 spin-locking field set to 10 G. The relaxation in the rotating frame may have a 
contribution from relaxation of the dipolar reservoir when the value of the spin-locking field 
approaches the local field or has a value less than the local field. Slichter (1996) shows that 
for protons in the presence of a static field and a spin-locking field B1, for B'L ≤ B1 ≤ 3B'L  the 
spin-lattice relaxation rate in the rotating frame becomes  
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)    
 
(4.2) 
where T1x is the Zeeman spin-lattice relaxation time in the rotating frame, T1D is the dipolar 
spin-lattice relaxation time and   
  is the dipolar local field in the rotating frame. For the solid 
polymeric component the local field ~ 2 G. So that at B1 = 10 G coupling between dipolar 
and Zeeman reservoirs is negligible.  
4.1.3.4 Spin- Lattice Relaxation Time (T1) Experiments in the Laboratory Frame 
Spin- Lattice relaxation time, T1, was measured with inversion recovery pulse 
sequences which involve non-selective and selective excitation. The T1HH sequence uses a 
hard, non-selective 180
o
 preparation (inversion) pulse (3.45 μs in length) followed by a hard 
90
o
 monitor pulse (1.75 μs in length), separated by a time τ (i.e., hard 180o- τ - 90o). The T1SH 
sequence uses a soft, selective 180
o
 preparation (inversion) pulse (100 μs), followed by a 
hard 90
o
 monitor pulse (1.75 μs), and separated by a time τ (i.e., soft 180o- τ - 90o). The 
dependence of the magnetization Mz on τ is characterized by decay time T1 and can be 
written as  
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 The soft 180
o
 pulse is a low-amplitude pulse, with a sharp spectral width in the frequency 
domain, which is much less than that of the spectral width for the signal of macromolecules 
in the cartilage and much larger than the spectral width of the water signal. Therefore, the 
water-component magnetization will be inverted completely while leaving the solid 
magnetization largely untouched. The hard 90
o
 pulse affects all magnetizations equally and 
allows the monitoring of all magnetization components. Edzes and Samulski [16] were the 
first to introduce the use of this selective inversion-recovery pulse sequence to study 
magnetization exchange between solid-like macromolecules and water. This approach has 
proven to be particularly effective in studying exchange in solid-liquid systems. Specifically, 
by differentially inverting the liquid component, it is possible to directly observe the effects 
of exchange as the liquid and solid magnetization evolves towards a semi-equilibrium 
following selective excitation. 40 τ values were utilized in for all longitudinal relaxation 
experiments, with 120-200 signal accumulations. 
4.1.4 Analysis Aspects of Multicomponent Relaxation Decay and Recovery Curves   
To determine the number of magnetization components relevant for a specific 
multicomponent analysis, such as for the CPMG curves, analysis was performed using one to 
five component fittings. To this end a Marquardt nonlinear least-squares minimization 
algorithm[114], within the ORIGIN 7.0 software package (Origin lab, Northampton, USA), 
was used. In the analysis, the changes in minimum of χ2, and the correspondence between 
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the fitted curve and data, were monitored with increasing number of components (see Fig. 
4.1).  
In this study, χ2 decreased approximately by a factor of two or more as the number of 
components was increased up to a number N of components. For the N+1 component 
analysis, χ2 decreased only by about 20% or less. Then, the number of components deemed 
most appropriate was N. 
The T1 relaxation curves were similarly fitted with exponential functions using the 
same χ2 criteria. For the free induction decays the fits involved a mixture of Gaussian and 
exponential functions. 
 
 
 
  51 
 
 
 
 
 
0 500 1000 1500 2000 2500 3000
0.1
1
10
100
200
two components, 
2
 = 0.0875
three components, 
2
 =  0.017
 four components, 
2
 = 0.0067
 five components, 
2
 = 0.0067
Data: Data18cpp3_B
Model: Exp5
Weighting: 
y No weighting
  
Chi^2/DoF = 0.00674
R^2 =  1
  
y0 0 ±0
A1 16.80771 ±15.39843
t1 10.61741 ±2.71577
A2 21.42884 ±34.88765
t2 24.1484 ±29.39494
A3 56.05421 ±35.50529
t3 49.37015 ±21.8024
A4 44.29831 ±14.72994
t4 110.73754 ±10.60777
A5 0.88978 ±0.1529
t5 881.02354 ±106.54274
M
ag
n
et
iz
at
io
n
 (
a.
u
.)
t (ms)
Figure 4.1 CPMG echo train for the natural cartilage sample at 3
o
C , shwing the 
variation of the minimum χ2 value and the best-fit lines for two to five component multi-
exponential analyses. The χ2 values are given in the figure legend and adjustabale 
parameters providing the best fit for each case are presented in Table 4.1.  
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Table  4.1 CPMG of natural cartilage at 3
o
C with different decompositions  
 and χ2 values for best fitting 
 
 
 
 
 
Components of 
natural CPMG at (3
o
C) 
T2 (ms) Magnetization (%) χ
2
 
Two component 
22.0 ± 0.5 63 ± 1 
0.0875 
95 ± 1 76 ± 1 
Three components 
16.5 ± 0.5 41 ± 1 
0.017 69 ± 1 89 ± 1 
          240 ± 13 9 ± 1 
Four components 
12 ± 1 23 ± 2 
0.0067 
41 ± 2 64 ± 2 
105 ± 3 52 ± 3 
827 ± 78 1.0 ± 0.1 
Five Components 
11 ± 3 17 ± 15 
0.0067 
24 ± 29 21 ± 35 
49 ± 22 56 ± 36 
111 ± 11 44 ± 15 
881 ± 107 1.0 ± 0.5 
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4.1.5 2D-TD NMR    
A crucial element of a meaningful exchange analysis is the availability of a relaxation 
parameter data set (apparent relaxation times and spin group sizes) that is as complete as 
possible. Drawing upon results from different spin relaxation experiments (T1, T2, T1ρ) is 
important in this regard. In addition, it has been shown that 2D-TD NMR relaxation 
parameters can be particularly effective in characterizing different spin groups or reservoirs 
such as those of macromolecules and water, as well as to detect and define inter-spin group 
magnetization exchange [19, 54, 115-118]. 
In 2D-TD NMR, the evolution of the magnetization along the τ-axis (time for 
recovery of magnetization along the z-axis in T1 experiment; time for decay of magnetization 
along the y-axis in T1ρ experiment) and the t-axis (time defining evolution of the FID) are 
monitored in a single spin-lattice relaxation time experiment. The magnetization recovery (T1 
experiment) or decay (T1ρ experiment) for each time point ti (sampling point) along the FID 
can then be analyzed, and if applicable, decomposed into magnetization components. For 
each ti, this analysis yields the T1 (or T1ρ) values and τ = 0 intercepts of each magnetization 
component obtained from the decomposition.  
The resulting T1 (or T1ρ) values are averaged over all sampling points for each 
resolved component, yielding a more reliable component magnetization T1 (T1ρ) compared to 
that determined in a single sampling point experiment/analysis. For each resolved 
component, the τ = 0 intercepts, viewed as a function of t, define the component’s 
“reconstructed FID.” Fitting these reconstructed decay curves to either a Gaussian (for solid-
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like components) or exponential (for liquid-like components) function, we determine the T2 
values of the magnetization components obtained from the 2D spin-lattice relaxation 
experiment.  
In this work, the analysis of the 2D spin-lattice relaxation data was performed using 
the program CracSpin [119]. This program utilizes 2D data as input, and uses a Marquardt 
nonlinear least-squares minimization algorithm [114]. This provides the best-fit reconstructed 
FID data, as well as the ti- averaged values of the T1 of each resolved magnetization 
component.  
4.1.6 Magnetization Exchange Analysis  
To analyse the relaxation results for exchange, the approach outlined in Oleskevich et 
al. [19], was used. In this approach, the apparent relaxation parameters (λ’s (T1
-1’s) and C’s (t 
= 0 intercept from reconstructed FIDs) are expressed in terms of the intrinsic relaxation 
parameters (R’s (relaxation rates), k’s (exchange rates) and spin reservoir sizes) [19]. Then, 
using an iterative, minimization algorithm, based on SIMPLEX (Vetterling et al.) [20], with 
the experimental, apparent parameters as input, and the intrinsic parameters as adjustable 
parameters, the apparent relaxation parameters are calculated. These are then compared to the 
corresponding experimental values. The intrinsic parameters providing the best-match values 
for the apparent parameters are used to define the articular cartilage intrinsic relaxation 
parameters and exchange rates. Typically, the number of apparent parameters needed to 
define all intrinsic parameters properly, exceed the number of apparent parameters available 
in any given experiment. In part, this shortcoming can be overcome by combining results 
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from different experiments. For example, a certain apparent T1 not available from the T1HH 
experiment may be defined in the T1SH experiment. In certain cases, some of the intrinsic 
parameters may be known from other sources and can be fixed in the minimization 
procedure. For example, intrinsic magnetization fractions may be available from T2 
experiments, or defined from the sample stoichiometry.  Figure 4.2 shows a summary of the 
steps for magnetization exchange.  
 
Figure 4.2 Summary of steps for magnetization exchange analysis and modeling. 
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4.2 500 MHz Experiments 
4.2.1  Sample preparation 
Femoral articular cartilage tissues were harvested from freshly slaughtered bovine 
animals, between twelve and twenty four months of age. In anticipation of the NMR scans, 
the tissue was cut in cylindrical plugs of 3 mm diameter and 1 mm thickness. Typically, 100 
plugs were stored in a standard phosphate buffer solution (PBS) with pH 7.4 at 4
o
C until use. 
Deuterated and non-deuterated samples were prepared. For the deuterated samples, the tissue 
was treated with a deuterated PBS (D2OPBS), changing the bath three times to completely 
replace the H2O with D2O.  The first bath was changed after four hours, the second was 
changed after twelve hours, and the last after forty eight hours; at this point, and the samples 
were ready for measurements. The D2OPBS mixture was made of 100g D2O; 722.4 mg 
NaCl; 18.06 mg KCl; 130.03 mg Na2HPO4; and 21.67 mg KH2PO4. All chemicals and 
deuterated water, with an isotopic purity of 99.9%, were purchased from Sigma-Aldrich Co, 
St. Louis, MO, USA. 
In order to model diseased cartilage, half of the plugs were treated with trypsin 
enzyme to deplete proteoglycan (PG). Trypsin is known as a selective enzyme and works 
mainly by cleaving PG at the C-terminus of a lysine or arginine residue [84]. It works 
without touching the collagen. To achieve different PG depletion levels, the tissue samples 
were placed in a trypsin buffer solution bath for different time durations, and for different 
bath concentration levels. In order to stop the trypsin enzyme activity and to stabilize the 
samples were then rinsed and placed in a trypsin-inhibitor buffer solution bath for two hours 
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[85]. The samples were ready for NMR measurements. After the measurements, all samples 
were weighted then placed in centrifuged vials with small hole openings under ~10
-4
 Torre 
vacuum for four hours to achieve fully dehydrated samples. Depending on the sample dried 
weight a specific papain volume (1mg/ml) was added. Papain is a non-selective enzyme, was 
used to complete the digestion of the cartilage. The tissue was left in a papain bath at 65
o
 C 
for 12 hours.  Afterward, the samples were centrifuged, the supernatant liquid extracted and 
stored at 4
o
 C. For further analysis of the proteoglycan content and the calculation of the 
percentage of depletion, supernatant liquid obtained from the trypsin and trypsin-inhibitor 
treatments were also stored. All enzymes were purchased from Sigma-Aldrich Co., St. Louis, 
MO, USA.  
4.2.1.1 Standard curve preparation 
In order to prepare a standard curve for media, papain was incubated in a digestive 
buffer at 65
o
C for twelve hours. A stock solution of Chondroitin Sulphate (CSC) was 
prepared by dissolving 50 mg of CSC in 1% Bovine Serum Albumin (BSA) in PBS. The 
working solution of CSC was prepared by diluting 30 µl stock CSC in 1470 µl of incubated 
papain in digest buffer , while for media 1,9-dimethylmethylene blue (DMMB) it was the 
same dilutant ½ media: ½ papain in a digestive buffer. The standard curve was constructed 
according to a set of different dilutions. The standard curve was tested to determine accuracy 
and slope before plating the actual samples. If the standard was good, the standard and 
samples (3x50 µl) were pipetted into a 96 well plate. The standard curve showed a specific 
color range when the 200 µl dye was added. It was important to make sure that the samples 
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fell into that color range, while some samples were diluted far more than others to fall into 
the standard curve. 
For all the supernatant solutions, a DMMB assay from Sigma was prepared [120]. 
The proteoglycan content of each solution was measured by absorbance spectroscopy at 525 
nm using a Thermo Lab System Multiskan. The absorbance results were compared with the 
calibration curve relating the absorbance to the concentration. The concentrations thus 
determined were used to calculate the percentages of depletions.  
4.2.2 Apparatus 
The NMR scans were performed on a Bruker AVANCE 500 WB working at 500MHz 
for proton. The MAS experiment used a triple tuned MAS probe with a 4 mm zirconia rotor 
sealed with an O-ring gear cap. The CSI experiment used a micro-imaging probe with a 5 
mm coil insert.  
4.2.3 NMR Data Acquisition 
Two complementary NMR experiments were performed on two series of depleted 
cartilage. These experiments were designed to single out PG and collagen with distinct 
scanning protocols. In one series, the tissue was scanned with a magic angle spinning (MAS) 
technique and in the other, a chemical shift imaging (CSI) technique.  
For the MAS experiment, the cartilage plugs were packed into a KEL-F form inserted 
in the zirconia rotor, typically 6 plugs at a time; this configuration insured a better 
localization of the sample inside the coil, and a better DC and RF field homogeneity. 
Furthermore, the plugs were submerged in liquid medium D2OPBS, added to minimize 
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magnetic field susceptibility distortions from air-cartilage interfaces. This configuration was 
centrifuged to remove air bubble formation. The MAS rate was 5 kHz. The pulse sequence 
was a standard spin echo sequence with a repetition rate (TR) of 5 s, an echo time delay (TE) 
of 1 ms, and a number of scans, (NS) equal to 32. The acquisition dwell time (DW) was 2 µs. 
The width of the 180
o
-pulse was 8 µs.  
The collagen signal was obtained at MAS rate equal to zero, with a one pulse 
sequence modified to alternatively invert the z-magnetisation prior to the 90 degree 
excitation pulse: a technique used to subtract interfering non-inverting spurious probe signals 
from the observed signal, so as to obtain the collagen signal. For this scan: TR = 5 s; NS = 
32; DW = 2 µs. As above the 180
o
-pulse length was 8 µs. 
The CSI experiments (see section 2.4.2 and T. R. Browne et al.) [23] were performed on 
cartilage samples made of 4 plugs, packed in a static KEL-F sample holder filled with 
D2OPBS, and closed with a KEL-F adjustable plunger. This package was put into a 5 mm 
NMR tube and installed in the imaging coil. For the PG scan, the pulse sequence was a 1D 
CSI spin echo sequence with water suppression. The three suppression pulses were 6 ms in 
duration and centered on the residual water peak. Each of these pulses was followed by 
dephasing gradients in the X and Y directions. The spin echo segment of the sequence used 
non-selective RF pulses with TR = 5 s, TE = 7 ms, NS = 64, and a width of 10 µs for the 
180
o
-pulse; the acquisition dwell time was 2.4 µs. The 1D CSI phase encoding direction was 
along the z-axis parallel to the magnet’s main field. As the sample was typically 4 mm long 
and centered in the coil, the field of view (FOV) was set at 6 mm. Prior to the actual CSI 
scan, a standard 2D spin echo image was taken with a 6 X 6 mm FOV , a 1 mm slice 
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thickness, and TR = 5 s, TE = 7 ms, NS = 4. This scan was used to assert the position of the 
sample in the coil, and to observe morphological details in the content of the plugs. The 
collagen signal was obtained as for the MAS experiment, but with a 180
o
-pulse length of    
10 µs.  
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Chapter 5 
Results and Discussion 
5.1  Transverse Decay Curves at 30 MHz  
Transverse decay experiments were performed in natural and deuterated articular 
cartilage, at above and below freezing temperatures. Although the macromolecule component 
contributes only about 15 % of the sample signal it plays a key role in defining the tissue in 
both healthy and diseased states, and is an important focus here. Cartilage tissue is made of 
~80% water with a dominant proton NMR signal. Deuteration of cartilage serves to eliminate 
the water signal and the complications produced by its coupling to the macromolecules. 
Because this component is expected to be more readily resolvable in the deuterated tissue, in 
which the dominant water proton NMR signal seen in the natural sample is absent (or at least 
substantially reduced), the results from the transverse decay experiments in the deuterated 
tissue are considered first.  
5.1.1 Proton T2 in Deuterated Cartilage at 3
o
C 
Figure 5.1a shows a typical proton FID of deuterated bovine articular cartilage 
sample at 3
o
C. The following transverse decay model, consisting of a sum of Gaussians and 
exponentials, has been successfully applied to various hydrated biopolymer systems  
 
  ( )  ∑     
    (     ⁄ )
 
  
   
  ∑     
      ⁄
  
   
 (5.1) 
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where NG and NE are the respective number of Gaussian (G) and exponential (E) 
components, T2Gi and T2Ei are the T2 values of component magnetizations M0Gi and M0Ei, 
respectively.  
A good fit to the data was obtained using Eq. 5.1 with the sum of two Gaussian 
decays, with T2 = 17 µs (S1D) and 79 µs (S2D), and one exponential decay with T2 ~ 4 ms. 
This 4 ms component amounts to ~ 36 % of the signal. The magnitudes of the Gaussian and 
exponential components, together with the corresponding T2 values, are given in Table 5.1. 
The FID data for longer times (t > ~ ms; not shown) start to curve downward with increasing 
t. This is attributed to diffusion of spins in an inhomogeneous magnetic field. A pure water 
sample has a T2 of a few ms in the magnet used in this work. Therefore, in keeping with the 
literature, the T2 derived from the short-time (~ 400-1400 µs), exponential (linear on semi-log 
plot) portion of the FID is labeled T2
*
 (Table 5.1).  
The true T2 of this more liquid–like magnetization can be obtained from a CPMG 
experiment, Fig. 5.1b. The echo train amplitude is well described by the sum of three 
exponentials with T2 ~ 1 ms (L1D), 17 ms (L2D) and 370 ms (L3D). These T2 values and 
associated magnetization fraction are given in Table 5.1. These fractions have been 
normalized so that their sum equals 36.1 %, the fraction of the magnetization with T2 ~ T2
*
 
ms found in the FID experiment.  
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Figure 5.1 a) FID signal of deuterated articular cartilage sample , measured at 3
o
C  and 
Larmor frequency of 30 MHz (a. u. ≡ arbitrary units). The inset shows the FID data, 
vertically rescaled in order to offer a better perspective of the relative amplitudes of solid-
like and liquid-like signals. The solid line was calculated using equation 5.1 with the best-
fit parameters given in Table 5.1. b) The first 300 ms of the CPMG echo train (2 τ = 200 
µs) for the same sample with data points representing the peaks of the echoes. The inset 
shows the echo train data down to about ½ percent of the amplitude at t = 0.  The solid 
line represents a 3-exponential fit, with the best-fit parameters given in Table 5.1. 
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Table  5.1 Best-fit parameters describing the transverse decay in deuterated articular cartilage 
at 3
o
C, Fig. 5.1 and at -10
o
C, Fig. 5.4. Repetition time was 60 s for the FID and CPMG at 
3
o
C and at -10
o
C.   
 
 
 
 
 
 
Experiment T2 Assignment 
Magnetization 
(%) 
3
o
C 
FID 16.5 ± 0.5 µs Collagen (S1D) 55 ± 1 
FID 79 ± 3 µs CH3 (S2D) 9.0 ± 0.5 
FID T2
*
 - (36.0 ± 0.5) 
CPMG 1.0 ± 0.5 ms PG (L1D) 9.0  ± 0.5 
CPMG 17 ± 2 ms L2D 4.0 ± 0.5 
CPMG 370 ± 10 ms HDO (L3D) 23.0 ±  0.5 
-10
o
C 
FID 15.0 ± 0.5 µs Collagen (S1D) 82.0 ± 0.5 
FID 69 ± 2  µs 
CH3 +  
HDO ice(S2D) 
9.0 ± 0.5 
FID T2
*
 - (9.0 ± 0.5) 
CPMG 2.0  ± 0.5 ms PG (L1D) 6.0 ± 0.5 
CPMG 11± 1 ms L2D 3.0 ± 0.4 
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In a fully deuterated sample the proton signal is expected to originate from 
macromolecule protons only, with T2 values ranging from ~ 20 µs for solid-like proton 
groups, to milliseconds for more mobile groups. About 20-22 % of the protons of 
macromolecular components of cartilage are expected to be exchangeable with D2O aqueous 
medium. These are expected to have been removed in the deuteration procedure described in 
chapter 4. Liquid-like T2 would only be expected for protons on very small/short non-
aggregated PG fragments. To estimate the size of fragments corresponding to T2 ~ 0.4 s, we 
use the Stokes- Einstein- Debye relation:  
 
   
     
   
    
(5.2) 
 where τc is the correlation time for rotational motion, η is the viscosity, a is the radius of the 
macromolecule, k is Boltzmann constant and T is the temperature.  
Taking the radius of a water molecule equal to its van der Waals radius of 3
o
A, water proton 
T2 = 3 s and considering T2 α 
 
  
  in the extreme motional narrowing regime, we have  
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0    
        (5.3) 
Since the volume, and approximately the mass, of the molecule can be considered to scale as 
a
3
, the weight of the fragments should not be much more than ~ 10 times the water molecule 
weight (~ 10       ~ 200 g/mol). This represents extremely small fragments, and if 
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fragments are not be expected to contribute significantly to the mass of the cartilage. Based 
on the above we conclude that the L3D component is due to protons in the water pool. 
As will be considered later, in section 5.3, this conclusion is consistent with the observation 
of a significant water proton peak, at ~ 4.7 ppm in the proton spectrum taken in the 
deuterated cartilage at 500 MHz.  
In order to gain insight into the source of the significant water proton content in the 
deuterated tissue the proton signal was measured in the following samples of known volume: 
H2O, D2OPBS, as well as the first and last D2OPBS bath used in the tissue deuteration, 
immediately following the extraction of the tissue from the bath (Table 5.2). The sample 
sizes are shown, as well as the proton signals, expressed in arbitrary units, and adjusted so 
that the same gain condition applies. 
The magnitude of the proton signal in the H2O sample of known volume was 
measured as reference for the 
1
H signals in the other samples and was used to normalize the 
signals in Table 5.2, such that its magnitude equals 100 %. In the process of normalizing the 
signals from the samples, other than for the H2O sample, each signal was first adjusted to 
take into account the different sample volumes. Although, D2O of 99.9 % purity was used for 
D2OPBS preparation, a 0.2 % 
1
H signal (relative to equivalent volume of H2O) was detected. 
This means that instead of 100 % deuterons in the D2OPBS sample, there are 99.8 % 
deuterons and 0.2 % protons. A clear reduction in 
1
H content is observed from the first bath 
to the final solution used. Also given in Table 5.2 is the water proton signal (normalized as 
above) in the cartilage tissue used in the experiments. 
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Table  5.2 
1
H content in the deuterated solutions and deuterated cartilage sample under same-
gain conditions. The NMR signal for each sample was normalized with respect to an 
equivalent volume of H2O.   
 
If we expect about the same percentage of 
1
H in the aqueous medium of the deuterated 
articular cartilage sample, as in the final solution (0.5 %), then we can estimate the size of the 
expected liquid-like water proton signal in the deuterated tissue as follows.  
Considering that the moisture content of the present sample is  
     
       
               
  00    0 , that the relative spin densities relative to spin density 
of water of PG and collagen are ρPG = 0.56 and ρcoll = 0.58, respectively, and using an 
estimated collagen to PG mass ratio of 
  
  
, we find that in the present sample the ratio of 
water protons to macromolecule protons is expected to be about:  
0         0
(0      )  (0      )
 
    
    
     
Sample 
Deuteration 
Time 
Sample size 
Proton signal 
 (arbitrary units) 
1
H content 
(%) 
H2O N/A 100 µl 448 100 
D2OPBS N/A 400  µl 3.3 0.2 
First Bath 4 hours 400  µl 122 8.2 
Last Bath 48 hours 400  µl 9.5 0.5 
D2O 
Cartilage 
- 277 µl 72 5.8 
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This would mean that about 3.9 % of the signal in the deuterated cartilage is due to the 
1
H 
content of the last exchange bath.  
In order to ascertain the actual 
1
H content in the water in the D2O cartilage sample, 
the observation that the transverse decay curve in this tissue consists of several components 
(see Table 5.1) needs to be considered; i.e., which component(s) are associated with protons 
in the tissue water rather than with macromolecular components. As found by others 
(Ghiassi-Nejad et al. and Lattanzio et al.) [53, 54], liquid-like T2 values in natural cartilage 
are in the range from tens of milliseconds to hundreds of milliseconds. In the deuterated 
tissue most of the water protons are residing on HDO molecules. Letting I and S be the 
1
H 
and 
2
H spins, respectively: then the 
1
H-
2
H dipole-dipole interaction is only 
 [0
 
 
     
  (   )1  0
 
 
  
  (   )1]
 
 ⁄
       ⁄  of the 
1
H-
1
H dipole-dipole interaction 
in natural tissue, so that it is reasonable to assign only the L3D (370 ms) T2 component to 
tissue water protons in the deuterated tissue. This component has a magnitude of 72 signal 
units (Table 5.2) for the same gain conditions as used for the other data given in Table 5.2 
(column “proton signal”). This result indicates that in terms of the percent 1H content in the 
tissue water, this 22.7% cartilage magnetization component amounts to 5.8 %, i.e., an 
increase of about a factor 11 relative to such content in the last deuteration bath. We can also 
estimate the proportion of D2O, H2O and HDO in the tissue water for a deuterated sample 
with x% protons in the water component of the tissue, the proportions of D2O, H2O and HDO 
for a 5.8% proton content the proportions of D2O, H2O and HDO become 
88.7%:0.3%:10.9%. 
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The observation that only about (1/5) of the L3D component can be accounted for by 
the H- content in the D2OPBS bath used in the last deuteration step, taken together with the 
absence of a significant contribution from macromolecules or macromolecular fragments 
with molecular weights of the order of a few hundred g/mol, could be taken to suggests that a 
part of the L3D component may be due to protons of H2O molecules trapped in isolated 
regions in the tissue (e.g., intrafibrillar spaces),  which are not water accessible for D → H 
exchange to occurs on the time scale of the present experiments.      
An alternate explanation for the unexpectedly large proton signal with L3D (T2 = 370 
ms) in this sample is that following the last deuteration step (48 hours in duration) additional 
exchangeable macromolecule hydrogens exchange with deuterons in the water, to add to the 
water proton signal. However, this possibility can be discarded because the H → D exchange 
already had been allowed to proceed for a period of 4 + 12 + 48 = 64 hours; an additional 1 
to 2 hour period, between removal of the tissue from the last D2OPBS bath and the FID/ 
CPMG measurement (see Fig. 5.1, Table 5.1, 5.2), cannot be expected to release/ exchange 
any appreciable, additional amount of water 
1
H content.  
Based on the above discussion we associate the S1D, S2D, L1D, L2D and L3D 
components (Table 5.1) with cartilage macromolecular constituents. For the main part, the 
collagen proton spin groups are expected to be solid-like, with T2 in the rigid-lattice regime.   
Therefore, the S1D component, with T2 = 17 µs, is assigned to collagen protons. The T2 ~ 80 
µs of the S2D component, amounting to 9 % of the cartilage magnetization, is too long to be 
assigned to a typical, solid-like polypeptide, and may be associated with collagen or PG 
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protons, which are either somewhat more mobile than  those of the S1D component or 
experience a smaller dipole – dipole interaction with neighboring protons.   
5.1.2  Proton T2 in Natural Cartilage at 3
o
C 
Figure 5.2a shows a typical FID of a natural bovine articular cartilage sample at 3
o
C 
and Larmor frequency of 30 MHz. The solid line was calculated using equation 5.1 with the 
best-fit parameters given in Table 5.3. Figure 5.2b shows the CPMG echo train (2 τ = 200 µs) 
for the same sample with data points representing the peaks of the echoes. The solid line 
represents a 2-exponential fit, with the best-fit parameters given in Table 5.3. The inset 
shows the echo train data down to about ½ percent of the amplitude at t = 0 and shows the 
first 300 ms of the echo train, more clearly showing the fit and behavior of the decay at 
earlier times.  
 An excellent fit of eq. (5.1) to the data (Fig. 5.2, a) was obtained for the sum of two 
Gaussian decays, with T2 ~ 18 µs (S1N) and 64 µs (S2N), and one exponential decay with T2 ~ 
22 ms.  The magnitudes of the Gaussian and exponential components are 7.4%, 1%, and 
92%, respectively, and are shown, with the corresponding T2 values in Table (5.3).  
 
 
  71 
 
0 100 200 300 400 500 600 700 800 900 1000
205
210
215
220
225
230
A18T2P3n
Data: A18T2P3Nn_B
Model: Gauss_Exp2
Weighting: 
y No weighting
  
Chi^2/DoF = 0.01354
R^2 =  0.99958
  
Ag 16.12056 ±0.20435
T2g 17.7408 ±0.09328
Ae 3.40409 ±0.26446
T2e 49.97801 ±4.93831
Ae1 213.15998 ±0.05425
T2e1 23931.46983 ±311.00054
M
ag
ne
tiz
at
io
n 
(a
.u
.)
t (s)
 B
0 500 1000 1500 2000 2500 3000
0.01
0.1
1
10
100
200 Data: A18CPP3F_B
Model: EXP4
Weighting: 
y No weighting
  
Chi^2/DoF = 0.0089
R^2 =  1
  
y0 0 ±0
A1 29.33486 ±1.80537
t1 13.80346 ±0.44512
A2 66.38472 ±3.36947
t2 47.70661 ±2.63183
A3 42.59349 ±4.58016
t3 112.99933 ±4.9424
A4 0.85098 ±0.13966
t4 893.30337 ±109.3981
A18CPP3f
M
ag
ne
tiz
at
io
n 
(a
.u
.)
t (ms)
 B
0 50 100 150 200 250 300
3
10
100
200 Data: A18CPP3F_B
Model: EXP4
Weighting: 
y No weighting
  
Chi^2/DoF = 0.0089
R^2 =  1
  
y0 0 ±0
A1 29.33486 ±1.80537
t1 13.80346 ±0.44512
A2 66.38472 ±3.36947
t2 47.70661 ±2.63183
A3 42.59349 ±4.58016
t3 112.99933 ±4.9424
A4 0.85098 ±0.13966
t4 893.30337 ±109.3981
A18CPP3f
M
ag
ne
tiz
at
io
n 
(a
.u
.)
t (ms)
 B
0 200 400 600 800 1000
100
120
140
160
180
200
220
240
A18T2P3n
Data: A18T2P3Nn_B
Model: Gauss_Exp2
Weighting: 
y No weighting
  
Chi^2/DoF = 0.01354
R^2 =  0.99958
  
Ag 16.12056 ±0.20435
T2g 17.7408 ±0.09328
Ae 3.40409 ±0.26446
T2e 49.97801 ±4.93831
Ae1 213.15998 ±0.05425
T2e1 23931.46983 ±311.00054
M
ag
n
et
iz
at
io
n
 (
a.
u
.)
t (s)
 B
(a) 
(b) 
Figure 5.2 a) FID signal of natural articular cartilage sample, taken at 3
o
 C  and Larmor 
frequency of 30 MHz. The inset shows the FID data vertically rescale in order to offer a 
better prespective of the relative amplitudes of solid-like and liquid-like signals. The 
solid line was calculated using equation 5.1 with the best-fit parameters given in Table 
5.3. b) CPMG echo train for the same sample. The solid line represents a 2-exponential 
fit, with the best-fit parameters given in Table 5.3.The inset shows the first 300 ms of the 
echo train, more clearly showing the fit and behavior of the decay at earlier times. 
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Table  5.3 Best-fit parameters describing the transverse decay in natural articular cartilage  
 at 3
o
C, (Fig. 5.2) and at -10
o
C, (Fig. 5.4). Repetition time was 6 s for the FID at 3
o
C and 60 s 
for the CPMG experiment at 3
o
C, while it was 60 s for both FID and CPMG at -10
o
C. 
 
The FID data for longer times (t > ~ ms; not shown) starts to curve downward with 
increasing t. This is attributed to diffusion of spins in an inhomogeneous magnetic field. The 
T2 derived from the short-time (300- 1000µs), exponential (linear on semi-log plot) portion 
of the FID is labeled T2
*
 (Table 5.3). The true T2 of this more liquid-like magnetization can 
be obtained from a CPMG experiment, Fig. 5.2b. From the echo train three exponential 
magnetization components were resolved; components labeled L1N, L2N and L3N, with         
T2 = 14 ms, T2 = 48 ms and T2 = 113 ms, respectively.  
 Experiment T2 Assignment Magnetization (%) 
3
o
C 
FID 18.0 ± 0.5 µs Collagen (S1N) 7.5 ± 0.5 
FID 64 ± 4 µs CH3 (S2N) 1.0 ± 0.5 
FID T2
*
 - (91.5 ± 0.5) 
CPMG 12.0 ± 0.5 ms H2O + PG (L1N) 15 ± 1 
CPMG 41 ± 2 ms H2O (L2N) 42 ± 2 
CPMG 105 ± 3 ms H2O (L3N) 34 ± 2 
CPMG 900 ± 100 ms L4N 0.5 ± 0.5 
-10
o
C 
FID 9.5 ± 0.5 µs Ice (S1N) 48 ± 3 
FID 16.5 ± 0.5 µs Collagen (S2N) 36 ± 3 
FID T2
*
 - (16.0 ± 0.5) 
CPMG 1.0 ± 0.5 ms PG +  H2O (L1N) 15.5 ± 0.5 
CPMG 6 ± 1 ms Bound H2O (L2N) 1.0 ± 0.5 
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A very small component (L4N), amounting to ½ %, and with long T2 ~ 900 ms, was 
assumed to be due to a small amount of water (mostly H2O) on the surface of the tissue. 
Protons of such water are expected to have relatively long T2, since the macromolecular 
surface proton ˗ water molecule proton interaction is expected to be relatively unimportant 
for these water molecules. These T2 and the associated magnetization fractions are given in 
Table 5.3. These fractions have been normalized so that their sum equals the amplitude (92 
%) of the long, 20 ms exponential component found in the FID experiment. From results in 
the literature  (Lattanzio et al. [54] and Ghiassi-Nejad et al. [53]) indications are that a 
significant fraction of the PG proton pool in fully hydrated cartilage tissue is relatively 
mobile with T2 in the 1 - 2 ms range. This component was not resolved in the present FID 
experiment in the natural cartilage, likely because its T2 is too similar to the “magnet T2”. In 
addition, it is expected that in the presence of the large water proton signal, the PG signal 
amounts to only a few percent of the total natural cartilage signal and therefore is difficult to 
resolve in either the FID experiment or the CPMG experiment. Although the FID (Fig. 5.2a) 
clearly shows a small (< 1%) S2N component with T2 = 64 µs, which may be attributed to 
protons on somewhat mobile collagen components (perhaps on CH3 groups) or relatively 
immobile protons on PG (perhaps on parts of core proteins), a definitive assignment is not 
possible from this T2 data alone.  
            A fundamental aspect in the identification and characterization of the intrinsic 
relaxation parameters in the tissue involves the identification of water and polymer signal 
components. In this connection the water content or moisture content (MC) is an important 
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parameter. Neglecting the tissue’s cell content and inorganic component of the matrix, which 
combined only amount to ~ 1 % of the dry mass [53], the moisture content can be written as 
 
   ( )   
         
                        
   00     
 
(5.4) 
Considering that the spin densities of collagen and PG, relative to that of water, are 0.58 and 
0.56, respectively, we can rewrite the MC in terms of the component magnetizations (see 
Ghiassi-Nejad et al. [53]): 
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(5.5) 
Since PG is not separately resolved in this T2 experiment (Fig. 5.2, Table 5.3), we use the 
result from the literature [53], that within about one percent, the non-water part of the 
cartilage is made up of 74 % collagen and 26% PG by mass, to write  
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(5.6) 
Here it has been assumed that the PG magnetization + water magnetization make up the   
Mliquid-like component in Fig. 5.2a. Then using the data from Table 5.3 the MC becomes 508%. 
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Therefore, in this tissue the water, collagen and PG masses are related as H2O: Coll: PG = 
87.5:12.7:4.5.   
The 14 ms T2 component (L1N, Table 5.3) may have contributions from water and 
macromolecular protons and cannot be clearly identified based on the present data. The 48 
ms component (L2N) and the 113 ms components (L3N) are likely associated with water 
reservoirs in the tissue. The origin of the components L2N and L3N will be considered further 
below.  
5.1.3  Transverse decay in frozen cartilage 
5.1.3.1 Frozen natural cartilage 
The macromolecular content in natural fully hydrated cartilage amounts only to 
relatively small fraction, which makes the investigation of these macromolecular components 
challenging.  Besides deuterating the tissue, the resolution of the macromolecular component 
of the tissue can be increased in an NMR experiment by freezing the bulk water in the tissue. 
An increase in resolution is realized as a result of a) the T2 of the bulk water assuming the 
value of ice (T2 ~ 10 µs), so that this signal is typically partially hidden in the dead time of 
the receiver, and b) the T1 of the protons involved (of the ice) becoming relatively long so 
that this signal can be substantially decreased due to saturation effects. 
With the aim of obtaining a better resolution for the macromolecular component  the 
same transverse decay measurements described in the previous section were repeated at         
-10
o
C.   
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A first step is to define / characterize the freezing phase transition in our cartilage tissue. 
Considering results in the literature it is expected that the major part of the bulk water in the 
tissue is frozen at -10
o
C. In this work, the freezing phase transition temperature was 
determined by monitoring the change in the transverse relaxation times of magnetization 
components, and their fractions, in natural cartilage with decreasing temperature, from 14
o
C 
to -30
o
C (Fig. 5.3 and 5.4, respectively). 
 
Figure 5.3 T2 of solid-like and liquid-like components of the FID and CPMG signals versus 
1000/T. The freezing of the bulk water can be seen to occure between  -5°C and -8
o
C. 
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Figure 5.4 Fractions of solid-like and liquid-like components of the FID and CPMG 
signals versus 1000/T. The freezing of the bulk water can be seen to occure between  
-5°C and -8
o
C. 
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The 5-component structure of the transverse decay curves in the natural cartilage, 
seen at 3
o
C (Table 5.3), also is observed at other temperatures in the 14
o
C to -8
o
C 
temperature range (Fig. 5.3). Between -8
o
C and -10
o
C a clear transition is observed in which 
the liquid-like magnetization components L1N, L2N and L3N disappear.  
Figure 5.5 shows FID and CPMG decay curves in natural cartilage at -10
o
C. As for 
the FID at 3
o
C, the FID curve on a semi-log plot at -10
o
C also curves downward for long 
times, (see Fig. 5.5a). Therefore only the first 800 µs of the FID data was used in the analysis 
of the FID curve (see Fig. 5.5a). A good fit to the FID data (0 – 800 µs) is obtained using Eq. 
5.1, with two Gaussian components and one exponential component. The solid line in Fig. 
5.5a was calculated with Eq. 5.1 using the best-fit T2 values and magnetizations given in 
Table 5.3.  As the long tail of the FID is clearly influenced by field inhomogeneity, the T2 of 
the long, exponential component is labeled T2
*
. The T2 ~ 65 µs of the S2N component, 
attributed to protons of solid biopolymers (mostly collagen) above -10
o
C, appears unaltered 
by the transition. This would be expected as the T2 of protons contributing to this component 
is in the rigid lattice regime at temperatures above this transition and would remain in this 
regime as the temperature is lowered further.   
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Figure 5.5 a) FID signal of natural articular cartilage sample, taken at -10
o
C  
and Larmor frequency of 30 MHz. The solid line was calculated using eq. 5.1 
with the best-fit parameters given in Table 5.3. b) CPMG echo train for the 
same sample. The data points represent the peaks of the echoes and the solid 
line represents a 2-exponential fit, with the best-fit parameters given in Table 
5.3. 
(a) 
(b) 
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However, the assignment of this component magnetization (with T2 ~ 65 µs) to 
polymer protons cannot be entirely correct. The signal magnitude of this component amounts 
to about 9 % of the signal above this freezing transition, but increases to about 30 % just 
below this transition. An increase would be expected if we assume that macromolecule 
proton groups, which are very mobile above the transition so as to exhibit a more liquid-like 
transverse decay, are immobilized by the freezing event. The only macromolecular proton 
groups which may be in this category, to make more than a negligible contribution, are on 
mobile parts of PG. Considering that the PG/Collagen mass ratio  
   
    
, and that we expect 
only about 
 
 
 of PG to be relatively mobile above the freezing event, means that there may be 
a liquid-like polymer component above the transition, amounting to 
 
 
(   )
     
 
 
(   )
  00  
    of the solid-like component seen above the transition. This amounts to 1.5 signal units 
in Fig. 5.4. As the sample passes through the transition the corresponding magnetization 
likely takes on rigid- lattice character and adds to the 9 unit solid-like component, to become 
a 10 – 11 unit component at -10oC. However, this signal component becomes about 30 units 
at -10
o
C, which can only mean that a significant contribution to this signal component comes 
from water protons. This water is expected to be associated with the macromolecules in the 
cartilage in a way that prevents formation a) of ice structure (ice water T2 ≤ 10 µs, discussed 
below), and b) of a liquid-like bound water pool.  To our knowledge this represents the first 
time that such a “solid-water” component has been observed in cartilage.  
This result/interpretation is corroborated by results from T2 experiments in deuterated 
cartilage, as well as results from the 2D spin-lattice relaxation experiments at -10
o
C. 
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In section 5.1.2 the L3N component was assigned to protons of bulk water. It is 
expected that the bulk water (navy squares), observed above -8
o
C, freezes as the temperature 
is lowered to -10
o
C and appears as ice at temperatures ≤ -10oC; i.e., the S3N component with 
T2 ≤ 10 µs (black stars data points in Fig. 5.3). 
The T2 components assigned to bound water (pink left tip triangles and olive green upside 
down triangles in Fig. 5.3).  
The data from the frozen cartilage clearly shows a 1-2 ms component from natural 
and deuterated cartilage sample respectively, which was been assigned by Lattanzio et al. 
2000, as PG. The 5-11 ms from both natural and deuterated cartilage sample respectively can 
be assigned as bound water (see Fig. 5.2, and Fig 5.6).  
Freezing the cartilage tissue at (-10
o
C) was one of the special approaches have been 
used to investigate on the changes of all relaxation times and compare them with the above 
freezing data at (3
o
C).  
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5.1.3.2 Frozen deuterated cartilage 
The macromolecular content in deuterated, fully hydrated cartilage was better 
resolved and less challenging relatively to the natural cartilage because of the elimination of 
the proton signal in the deuterated case. In order to increase the resolution of the 
macromolecular component of the tissue, we followed the same technique of freezing the 
bulk water in the natural tissue.  As the FID at 3
o
C and the FID at -10
o
C curves downward 
for long times, inset of Fig. 5.5a. Therefore only the first 1000 µs of the FID was used in the 
analysis of the FID curve (see Fig. 5.5a). A good fit the FID data (0 – 1000 µs) is obtained 
using Eq. 5.1, with two Gaussian components and one exponential component. The solid line 
in Fig. 5.5a was calculated with Eq. 5.1 using the best-fit T2 values and magnetizations given 
in Table 5.1.  As the long tail of the FID is clearly influenced by field inhomogeneity, the T2 
of the long, exponential component is labeled T2
*
. A good fit to the data was obtained using 
Eq. 5.1 with the sum of two Gaussian decays, with T2 = 15 µs (S1D) and 69 µs (S2D), and one 
exponential decay with T2 ~ 1 ms. This 1 ms component amounts to 9.2 % of the signal. The 
magnitudes of the Gaussian and exponential components, together with the corresponding T2 
values, are given in Table 5.1. The FID data for longer times (t > ~ ms; not shown) start to 
curve downward with increasing t. This is attributed to diffusion of spins in an 
inhomogeneous magnetic field. A pure water sample has a T2 of a few ms in the magnet used 
in this work. Therefore, in keeping with the literature, the T2 derived from the short-time (0-
1000 µs), exponential (linear on semi-log plot) portion of the FID is labeled T2
*
 (Table 5.1). 
The true T2 of this more liquid–like magnetization can be obtained from a CPMG 
experiment, Fig. 5.4b. The echo train amplitude is well described by the sum of three 
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exponentially with T2 ~ 2 ms (L1D) and 11 ms (L2D). These T2 values and associated 
magnetization fraction are given in Table 5.1. These fractions have been normalized so that 
their sum equals 9.2%, the fraction of the magnetization with T2 ~ 1 ms found in the FID 
experiment.  
The T2 ~ 69 µs of the S2N component, attributed to protons of semisolid biopolymers 
(mostly CH3) above -10
o
C, appears unaltered by the transition. This would be expected T2 of 
protons contributing to this component is in the rigid lattice regime at temperatures above 
this transition and would remain in this regime as the temperature is lowered further. 
However, the assignment of this component magnetization (with T2 ~ 69 µs) to polymer 
protons cannot be entirely correct. The signal magnitude of this component amounts to about 
9 % of the signal above this freezing transition, and it stays the same below this transition in 
the deuterated sample.   
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Figure 5.6 a) FID signal of deuterated articular cartilage sample, taken at -10
o
C and 
Larmor frequency of 30 MHz (a. u. ≡ arbitrary units). The inset shows the FID data, 
vertically rescaled in order to offer a better perspective of the relative amplitudes of solid-
like and liquid-like signals. The solid line was calculated using equation 5.1 with the best-
fit parameters given in Table 5.1. b) The first 12 ms of the CPMG echo train (2 τ = 200 
µs) for the same sample with data points representing the peaks of the echoes. The inset 
shows the echo train data down to about ½ percent of the amplitude at t = 0.  The solid 
line represents a 2-exponential fit, with the best-fit parameters given in Table 5.1.  
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5.2   2D Time Domain NMR Relaxation Results and Exchange Modeling at 30 MHz 
One of the major goals of the 30 MHz relaxation experiments is to develop a 
comprehensive magnetization exchange model for cartilage tissue. The transverse decay 
experiments described in the previous section have provided information about different 
macromolecular and water phases, as observed and characterized through NMR spin-spin 
relaxation parameters, T2 and magnitudes of magnetization components (or spin reservoir 
sizes). Some evidence for exchange between the L1N and L2N spins reservoirs is indicated 
(see Fig. 5.4). A very effective method for studying exchange, in particular also involving 
solid-like spin groups, is via 2D-TD NMR, combined with magnetization exchange analysis. 
As different spin-lattice relaxation experiments (e.g., T1 and T1ρ) typically yield different 
values of relaxation times- often differing by orders of magnitude- these experiments allow 
us to explore exchange on different time scales, which in turn allow us to access different 
system exchange regimes.  
 Here we report on 2D-TD T1 and T1ρ results in natural and deuterated cartilage tissue 
at 3
o
C and -10
o
C. 
5.2.1 2D Relaxation in Deuterated Cartilage  
  T1ρ values are typically much shorter than T1 values and provide results closer to the 
intrinsic relaxation parameters. Figure B.1 in Appendix B shows a typical T1ρ τ-plot in 
deuterated cartilage at 3
o
C using a spin-locking field strength of 10 G. As shown in Appendix 
B, the decay was well described by the sum of three exponential decays with T1ρ = 1.6 ms, 
7.6 ms and 662 ms. By analyzing such T1ρ τ-plots at 40 time points on the FID, sometimes 
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also referred to as time windows, we effectively are generating a 2D data set of signal 
magnitude versus t (time along FID) and τ (length of spin-locking pulse). This 2D data set is 
analysed as described in section 4.1.5 to produce a reconstructed FID for each T1ρ 
component. In this case, with three T1ρ components, three reconstructed FIDs are obtained as 
shown in Fig. 5.7a.  
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Figure 5.7 Reconstructive FID’s of deuterated articular cartilage at 3oC. Data up to t 
= 1800 µs was used in the analysis, and shown in this figure up to 1000 µs in order 
to show the short T2 component clearer.  a) T1ρ, b) T1HH, and c) T1SH. 
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As discussed in section 4.1.5, this analysis also yields a T1ρ value for each resolved T1ρ 
component, which represents the T1ρ averaged over all sampling points along the FID, as 
obtained from the 2D analysis. In this case the three component T1ρ values are 1.6 ms, 7.6 
ms, and 662 ms. Each reconstructed FID was analysed using a sum of Gaussian and 
exponential decays as dictated by the decay behavior, and making use of the approach for 
analysing multicomponent decay curves discussed in section 4.1.4. The detailed 
decomposition analysis for each of the three reconstructed FIDs is given in Appendix C.7. 
The magnetization fractions and associated T2 values obtained from such analysis are given 
in Table 5.4.   
 Although an equivalent number of accumulations may be used in the 2DTD 
experiment and the FID T2 experiment, the S/N of the reconstructed FID’s is lower than that 
of the FID’s obtained in the T2 experiments. This is because reconstructed FID’s are arrived 
at through a two-step process, rather than directly from the data. In the 2D experiments a 
number of 1D spin-lattice relaxation experiments (40 in this thesis) are performed at various 
time windows on the FID, which are then analysed for multi-component behavior. The τ = 0 
intercepts, as a function of t, for each resolved component define the reconstructed FID’s. An 
explicit weakness in this approach is that these intercepts are based on the multi-exponential 
decomposition of relaxation curves defined by a maximum of only 40 points (rather than 200 
points, as used in the FID T2 experiments).  Experience in our laboratory has shown that in 
2DTD experiments of the type described in this work the definition of the reconstructed 
FID’s at low amplitudes (about 2% of M0 and below) decreases relatively rapidly, which can 
introduce artifacts into the low-amplitude tails of the reconstructed decay curves. To prevent 
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such artifacts from influencing the analysis of the reconstructed FID’s, the reconstructed 
points below about 2% of M0 were not utilized in the analysis.  
The magnetization with the long T1ρ = 662 ms makes up 25.2 % of the sample total 
magnetization. The associated FID exhibits the curving down at the longer times, on a semi-
log plot, characteristic of a sample with T2 ≥ T2
*
. In this case only the initial flat portion (on 
semi-log plot) was fitted to a single exponential to determine the size of this magnetization. 
The data over the first 1000 µs was used for this purpose (see Fig. 5.7a) and the associated T2 
is labeled T2
*
, Table 5.4. The magnetization with the intermediate T1ρ = 7.6 ms makes up 
30.9% of the sample magnetization, and the associated three component reconstructed FID 
consists of two Gaussians with T2 ~ 16 µs and T2 ~ 80 µs, and one exponential with T2 ~ 1.7 
ms. The observation that these components, with very different T2 values, have the same  T1ρ 
= 7.6 ms means that either the three spin reservoirs accidentally have the same T1ρ, or these 
magnetizations are sufficiently strongly coupled to exhibit a common  T1ρ. The fact that the 
T2 values of the three spin groups involved differ considerably suggests that the latter is the 
case. The magnetization with the short T1ρ = 1.6 ms makes up 43.9 % of the sample 
magnetization, and the associated, reconstructed FID is well described by the sum of two  
Gaussian (33.4 % of signal with T2 = 17.1 µs, 4.9 % of signal with T2 = 40 µs) and are 
exponential (5.6 % of signal with T2 = 129 µs) as shown in Figure 5.7a and C.7, and Table 
5.4. Considering the different T2 values associated with these three components, it is 
expected that exchange plays a role in a single T1ρ = 1.6 ms being observed. 
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Table  5.4 Observed 2D Relaxation Parameters of the deuterated articular cartilage at 
3
o
C.The repetition time for all experiments is 10 seconds.  The component labeled “?” will 
be discussed in connection with exchange, in section 5.2.1 (subsection Exchange Analysis in 
deuterated Cartilage). The symbols (G) and (E) indicate Gaussian and exponential FID 
shapes.  
Deuterated  
3
o
C 
T1,  T1ρ (ms) T2 ( µs) Assignment 
Magnetization 
% 
T1ρ     
long 662 ± 20 T2
*
 HDO (L2D) 25 ± 1 
medium 7.6 ± 0.5 16 ± 0.5 (G) Collagen a (S
a
1D) 19 ± 1 
  79 ± 10 (G) CH3 (S2D) 3 ± 0.5 
  1668 ± 74 (E) PG (L1D) 9 ± 0.5 
short 1.6 ± 0.5 17.0 ± 0.5 (G) Collagen b (S
b
1D) 33 ± 2 
  40 ± 9 (G) CH3 (S2D) 5 ± 2 
  129 ± 32 (E) “?” 6 ± 2 
T1HH     
long 915 ± 14 15 ± 1 (G) Collagen b (S
b
1D) 6.0 ± 0.5 
  T2
*
  HDO (L2D) 28 ± 2 
medium 135 ± 7 17.0 ± 0.5 (G) Collagen a (S
a
1D) 50 ± 3 
  78 ± 5 (E) CH3 (S2D) 6 ± 1 
  700 ± 37 (G) PG (L1D) 9 ± 1 
Short- T1HH 15 ± 5 24 ± 14 (E) Collagen a (S
a
1D) (-2) ± 5 
  38 ± 34 (G) CH3 (S2D) 1 ± 5 
  1118 ± 191 (E) “?” 2.0 ± 0.5 
T1SH     
long 1000 ± 15 16 ± 1 (G) Collagen a (S
a
1D) 9 ± 0.5 
  T2
*
 HDO (L2D) 49 ± 1 
medium 105 ± 4 21.0 ± 0.5 (G) Collagen b (S
b
1D) 18 ± 0.5 
  119 ± 14 (E) CH3 (S2D) 5.0 ± 0.5 
  1200 ± 53 (E) PG (L1D) 18 ± 1 
Short- T1SH 3.0 ± 1 15 ± 1 (G) Collagen a (S
b
1D) (-5.0) ± 0.5 
  42 ± 6 (G) CH3 (S2D) 3.0 ± 0.5 
  600 ± 200 (E) PG (L1D) 3.0 ± 0.5 
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 Guided by the T2 results in section 5.1.1, the assignments of T2 components, resolved 
in the present 2D experiment, to specific cartilage constituent components, is given in Table 
5.4, under the heading Assignments. In summary, the assignments are listed below.  
S1: T2 = 15-18 µs, solid-like magnetization; assigned to collagen.    
S2: T2 = 40-120 µs, solid-like magnetization associated with proton spin reservoir where i) on 
average the distance between protons is greater than for S1, and/or ii) the motion of the spin 
group involved has a component with       ; assigned to CH3 groups and/or solid-like 
hyaluronic acid and core protein components of PG.  
L1: T2 = 0.7- 2 ms, liquid-like magnetization, relatively mobile polymers; assigned to mobile 
PG (CS and KS chains).  
L2: T2 ≥ 10 ms, T2
*
, liquid-like magnetization; assigned to liquid water- here mostly HDO.  
 Figure B.2 shows a typical recovery curve in T1HH experiment in deuterated cartilage 
at 3
o
C for a time window 7.5 µs.  The recovery curve is well described by sum of three 
exponential components with the T1 values and component spins given in Table B.2. The 
reconstructed FID’s from the 2D T1HH experiment are given in Figure 5.7b. The component 
T1 values along with the parameters (T2 and FID component amplitudes) defining the 
reconstructed FID’s are given in Table 5.4. The component magnetization with short T1 = 
135 ms has associated with it a three-component reconstructed FID; two Gaussian 
components with T2 ~18 µs and ~ 80 µs and a single exponential component with T2 = 0.7 
ms, which, as in the T2 and T1ρ experiments, is assigned to the mobile PG component. The 
component magnetization with short T1 = 15 ms has associated with it a three-component 
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reconstructed FID; two Gaussian components with T2 = 24 µs and 38 µs and a single 
exponential component with T2 ~ 1 ms. 
The T1 values in the deuterated tissue are longer than the T1ρ values so that it is 
expected that inter-spin group magnetization exchange will be more apparent in the T1 
experiments. That this is the case here is clearly seen in Figure 5.7, (and Table 5.4). The 
reconstructed FID, associated the long T1ρ = 662 ms, which was a single exponential with T2 
= T2
*
 in the T1ρ experiment, exhibits two-component behavior in the T1HH experiment, second 
component being a 15 µs Gaussian. This is strong evidence that the collagen is coupled to the 
water (largely HDO) reservoir on the T1 time scale. The T1SH experiments in the deuterated 
cartilage at 3
o
C also resolved three T1 components, Figure B.3. The reconstructed FIDs are 
shown in Figure 5.7b. The results of the analysis of the reconstructed FIDs are shown in 
Figure C.8, and are summarized in Table 5.4. The long T1 and medium T1 relaxation 
components, (1000 ms and 105 ms, Table 5.4), had associated with them similar 
reconstructed FIDs as in the T1HH results.  The short T1SH = 3 ms is faster than that observed 
for short T1HH = 15 ms. To avoid confusion the short T1 in the T1HH and T1SH experiments are 
labeled short-T1HH and short-T1SH, respectively. The reconstructed FID for the magnetization 
with short-T1SH was reasonably well described by the sum of a “negative” Gaussian 
component with T2 = 16 µs (collagen), another Gaussian component with T2 = 42 µs, and an 
exponential component with T2 = 0.6 ms. The observation of a negative solid FID (T2 = 16 
µs) and positive, liquid FID (T2 = 0.6 ms) with a common fast T1, constitutes strong support 
for the above conclusion of strong coupling between collagen and PG spin reservoirs.   
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An identical set of 2D spin-lattice relaxation time measurements were performed on 
the deuterated cartilage sample at -10
o
C. All analyses of the 2D relaxation results at -10
o
C 
parallel those performed in this tissue at 3
o
C, and are summarized in Figure 5.8, Figure C.10-
C.12 and Table 5.5. 
 The most obvious change seen in the 2D relaxation results, as the tissue is frozen, is 
the disappearance of the L2 component, and the appearance of a relatively substantive 
component (S3D) which has T2 = 113 µs and T2 = 166 µs in the T1HH and T1SH experiments, 
respectively. The SD3 component is clearly distinguishable from the other components 
because of the relatively long T1 ~ 3 seconds. This component is assigned to HDO ice in the 
tissue.  
 It will be shown below, in discussion of the 2D results for the natural tissue at -10
o
C, 
that T2 (H2O ice) ~ 13 µs, (Table 5.7). Since the gyromagnetic ratio of deuterons is smaller 
than that of protons ( 
  
  
     ), the T2 (HDO ice) is expected to be longer than T2 (H2O ice); 
113 µs – 166 µs in the T1 experiments. In addition, the T1ρ results for the natural tissue at  
-10
o
C indicate that T1ρ (H2O ice) ~ 100 µs. This, taken together with the observed 
ratio 
  (       )
  (       )
⁄    
       
     
    , prompts the assignment of the T1ρ 
component in the frozen, deuterated tissue, with T1ρ = 1.1 ms and T2 = 67 µs, to HDO ice. 
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Figure 5.8 Reconstructed FID’s of frozen deuterated cartilage at -10oC. Data up to t 
= 1800 µs was used in the analysis, and shown in this figure up to 1000 µs in order 
to show the short T2 component clearer. a) T1ρ, b) T1HH and c) T1SH 
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Table  5.5 Observed 2D Relaxation Parameters of the deuterated articular cartilage at -10
o
C. 
The repetition time for all experiments is 10 seconds.  The symbols (G) and (E) indicate 
Gaussian and exponential FID shapes.  
Deuterated 
-10
o
C 
T1,  T1ρ (ms) T2 ( µs) Assignment 
Magnetization 
(%) 
T1ρ     
long 6 ± 1 15.0 ± 0.5 (G) Collagen a (S
a
1D) 55 ± 1 
  86.0 ± 15.5 (G) CH3 (S2D) 4.0 ± 0.5 
  1500 ± 142(E) PG (L1D) 9.0 ± 0.5 
short 1.1 ± 0.5 19.0 ± 0.5  (G) Collagen b (S
b
1D) 21 ± 1 
  69 ± 11(G) HDOIce (S3D) 11 ± 1 
T1HH 
  
 
 
long 3600 ± 1 113 ± 1 (E) HDOIce (S3D) 9.5 ± 0.5 
medium 244 ± 17 16.0 ± 0.5 (G) Collagen a (S
a
1D) 75 ± 3 
  
68 ± 33 (G) CH3 (S2D) 4 ± 1 
  
1548 ± 610 (E) PG (L1D) 7.5 ± 1 
Short-T1HH 39± 12 12 ± 1 (G) Collagen b (S
b
1D) 3.0 ± 0.5 
  
56 ± 23 (G) CH3 (S2D) 0.5 ± 0.5 
  
1363 ± 1527 (E) PG (L1D) 0.5 ± 0.5 
T1SH 
  
 
 
long 3000 ± 1 166 ± 8 (E) HDOIce (S3D) 23.0 ± 0.5 
medium 200 ± 24 15.5 ± 0.5 (G) Collagen a (S
a
1D) 67 ± 3 
  
80 ± 7 (G) CH3 (S2D) 4.5 ± 0.5 
  
1631 ± 104 (E) PG (L1D) 8.0 ± 0.5 
Short-T1SH 13 ± 1 15 ± 1 (G) Collagen b (S
b
1D) (-24.5) ± 1 
  
31 ± 4 (G) CH3 (S2D) 4.5 ± 1 
  
1500 ± 25 (E) PG (L1D) 17.5 ± 1 
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Exchange Analysis in Deuterated Articular Cartilage  
 The exchange models in this work were explored using a computer modeling program 
(EXFIT). This program was developed in our laboratory, and was first used by Oleskevich et 
al. and Weglarz et al. [19, 116] to inspect macromolecular and water molecule proton 
magnetization exchange and dynamics. As discussed in section 2.3, the intrinsic relaxation 
parameters can be expressed in terms of the apparent parameters and vice versa. In the 
present approach the apparent parameters are calculated from a set of intrinsic parameters 
which are adjustable parameters within an iterative minimization algorithm that compares the 
calculated apparent parameters to the experimental parameters. The adjustable, intrinsic 
parameters which provide the closest match between the experimental apparent values and 
the calculated apparent values are taken as the intrinsic parameters for the articular cartilage. 
In this analysis the exchange rates also are adjustable parameters. 
 A complication that enters into the present exchange analysis is that typically an 
insufficient number of experimental relaxation parameters are available from any given 
experiment. For example, consider a 4-site exchange scenario; this would involve four 
apparent relaxation time values, and sixteen apparent spin group sizes, and six exchange 
rates. At best we may obtain 10-12 parameters from the experiment. Therefore one must fix 
some of the apparent and/or intrinsic parameters at values that may be deemed reasonable 
and then fit the rest. A next step involves adjusting some of the parameters manually, in a 
methodical fashion, with the aim of improving the overall match between experimentally 
observed, apparent parameters and modeled apparent parameters. In view of the combination 
of fitting and manual adjustment of parameters this approach cannot be considered as a least- 
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squares fitting procedure. Perhaps it is more appropriate to think of this approach as a 
simulation procedure. 
As has been addressed in section 5.2.1, it is expected that inter-spin group 
magnetization exchange will be more apparent in the T1 experiments, because typically  
T1 > T1ρ in the deuterated cartilage tissue (see Tables 5.4 and 5.5). In order to explore the 
needed number of spin reservoirs and their intrinsic sizes, the exchange analysis was started 
with the 2D T1ρ results in deuterated cartilage at -10
o
C.  
From Figure 5.8a (and Table 5.5) it is seen that the 67 µs T2 component (S3D) that has 
been assigned to HDO ice protons does not appear to have associated with it any other T2 
component. However, it is understood that a part of this component is very likely attributable 
to S2D magnetization that was observed to be linked to the collagen b spin group in the T1HH 
experiment at -10
o
C and also in all 2D experiments at 3
o
C. This contribution is only a few 
percent of the total signal and, to simplify exchange analysis, is added to collagen b signal 
component in the exchange analysis for the deuterated cartilage tissue. Similarly the S2D 
signal component, seen to be associated with the collagen a signal in all the reconstructed 
FID’s for the deuterated tissue, is added to collagen a signal component for simplicity. The 
fact that a significant fraction of the collagen a signal is associated with PG (L1D) and a 
significant fraction is not, suggests that on the T1ρ time scale either i) collagen acts as one 
spin reservoir [S1D (a) + S1D (b)] which is relatively strongly coupled to PG, but such 
coupling is not strong enough to yield single T1ρ behavior for (PG + Collagen), ii) collagen is 
very strongly coupled to a part of collagen (Collagen a) and essentially uncoupled from 
another part of collagen (Collagen b). Which particular scenario applies can be tested by 
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performing the exchange analysis and determining which scenario satisfies the observed 2D 
results. Here we start with scenario (i). The apparent and intrinsic parameters obtained from 
the exchange analysis are given in Table 5.6. Within the present context, where the best 
match between experimental and calculated parameter is searched for, by utilizing a 
combination of fitting and manual adjustment of parameters, a perfect match is not generally 
expected. Although various mismatches are clearly recognized, the most glaring mismatch 
pertains to   
       . Using various combinations of ka , Ta and Tb, while maintaining a 
rough correspondence between experimental and calculated parameters, it was not possible to 
significantly affect the negative character of   
 . Experimentally there was no indication of a 
significant negative   
 . Therefore scenario (i) was deemed to be inapplicable. 
Table  5.6  Simple two sites exchange analysis results for the T1ρ experiment in deuterated 
cartilage at -10
o
C. The left table shows the experimental and calculated values for each 
parameter. The right table shows the exchange rate (ka), intrinsic times (Ta , Tb) and intrinsic 
reservoir sizes (Pa , Pb). 
     
 
 
 
 
 
 
This result prompted the modeling of scenario (ii), which involves two collagen groups a and 
b; i.e, three site exchange model: Collagen a, Collagen b, PG (L2D). 
Parameter Calculated Experimental 
T
+
 1.2 ms 1.1 ms 
T
-
 2.6 ms 5.9 ms 
Ca
+
 23.6 % 27.1 % 
Cb
+
 -9.8 % 0  
Ca
-
 63.8 % 63.3 % 
Cb
-
 22.2 % 9.6 % 
Rates Values 
ka 80 s
-1
 
Ta 2 ms 
Tb 20 ms 
Pa 87.5 % 
Pb 12.5 % 
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Results of the 3-site exchange model simulation for the deuterated cartilage at -10
o
C 
is given for T1ρ, T1HH and T1SH experiments in tables D.10 - D.12. For the above freezing 
case, at 3
o
C, four sites exchange modeling is indicated and exchange simulation for all 2D 
experiments for the deuterated cartilage at 3
o
C are presented in Tables D.7 – D.9.  
In the T1SH experiments selective inversion of the magnetization is involved. 
Therefore, for the T1SH exchange modeling we need to find the inversion factors. These can 
be calculated for a particular magnetization component by taking the ratio of the FID 
amplitude representing M0 (amplitude following a 90
o
 pulse) of the component to the FID 
amplitude representing M (τ = 0) in the soft 180o – 90o pulse sequence. The latter FID 
amplitude is approximated by using τ = 100 µs. 
An example of the FIDs for the τ = 0 and τ = 100 µs cases, for the deuterated cartilage 
at 3
o
C, are shown in Figure 5.9a and 5.9b, respectively. 
Initial simulations of exchange for T1ρ results for the deuterated cartilage tissue at 3
o
C 
indicated a small negative value for the PG (L1D) component with T1ρ = 1.6 ms. In the 
position, in Table 5.4, where this negative component would be located, a 129 µs component 
is shown. The reconstructed FID was reanalyzed without the signal below ~2 % being cut 
off. The result shown in Figure 5.10 suggests that a negative PG (L1D) component may be a 
part of this FID. The “fit” shown in the figure was arrived at by fixing the T2 = 800 µs and 
amplitude = -1 of such PG (L1D) signal component. The simulated 3-site exchange scenario 
for the -10
o
C case (deuterated cartilage) is shown in Figure 5.11b.  
  100 
 
 
Figure  5.9 Reconstructed FIDs from selective inversion experiment a) at τ = 0 µs, b) at τ = 
100 µs.Both FIDs were analysed for two Gaussians (Ag1 and Ag2) and one exponential (Ae) 
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Figure  5.10 Reconstructed FID for magnetization with T1ρ = 1.6, showing the possibility of a 
small negative component. 
 
Table  5.7  Renormalization for the reconstructed FID associated with the  short-T1ρ 
component of the deuterated articular cartilage at 3
o
C from Fig. 5.10 analysis. 
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3
o
C 
T1,  T1ρ 
(ms) 
T2 ( µs) Assignment Magnetization % 
T1ρ     
long 662 ± 20 T2
*
 HDO (L2D) 25 ± 1 
medium 7.6 ± 0.5 16.5 ± 0.5 (G) Collagen a (S
a
1D) 19 ± 1 
  79 ± 10 (G) CH3 (S2D) 3.0 ± 0.5 
  1668 ± 74 (E) PG (L1D) 9.5 ± 0.5 
short 1.6 ± 0.5 18.5 ± 0.5 (G) Collagen b (S
b
1D) 38 ± 1 
  122.0 ± 8.5 (G) CH3 (S2D) 7 ± 1 
  800 ± 0  (E) PG (L1D) -0.6 ± 0 
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(a) 
(b) 
Figure 5.11 Exchange model for deuterated cartilage, a) at 3
o
C and b) at -10
o
C. 
Numbers in brackets represent T1ρ parameters and non-bracketed numbers 
represent T1 parameters. 
  103 
5.2.2  2D Relaxation in Natural Cartilage 
Figure B.4 in Appendix B shows a typical T1ρ τ-plot in natural cartilage at 3
o
C using a 
spin-locking field strength of 10 G. As shown in Appendix B, the decay was well described 
by the sum of three exponential decays with T1ρ = 1 ms, 5.5 ms and 187 ms. By analyzing 
such T1ρ τ-plots at 40 time points on the FID, sometimes also referred to as time windows, 
we effectively are generating a 2D data set of signal magnitude verses t (time along FID) and 
τ (length of spin-locking pulse). This 2D data set is analysed as described in section 4.1.5 to 
produce a reconstructed FID for each T1ρ component. In this case, with three T1ρ 
components, three reconstructed FIDs are obtained as shown in Fig. 5.12a. As discussed in 
section 4.1.5, this analysis also yields a T1ρ value for each resolved T1ρ component, which 
represents, the T1ρ averaged over all sampling points along the FID, as obtained from the 2D 
analysis. In this case the three component T1ρ values are 1 ms, 7 ms, and 200 ms. Each 
reconstructed FID was analysed using a sum of Gaussian and exponential decays as dictated 
by the decay behavior, and making use of the approach for analysing multicomponent decay 
curves discussed in section 4.1.4. The detailed decomposition analysis for each of the three 
reconstructed FIDs is given in Appendix C.1. The magnetization fractions and associated T2 
values obtained from such analysis are given in Table 5.8.   
The magnetization with the fast T1ρ ~1 ms makes up ~ 6 % of the sample total 
magnetization, and the associated, reconstructed FID  is well described by  a single Gaussian 
decay with    T2 ~ 18 µs (S1N component). The magnetization with the intermediate T1ρ ~7 ms 
makes up ~ 6% of the sample magnetization, and the associated three component 
reconstructed FID consists of two Gaussians with T2 ~ 17 µs and 60 µs, and one exponential  
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with T2 ~ 2 ms. The observation that these three components, with very different T2 values, 
have the same T1ρ ~ 7 ms means that either the three spin reservoirs accidentally have the 
same T1ρ, or these magnetizations are sufficiently strongly coupled to exhibit a common T1ρ. 
The fact that the T2 values of the three involved spin groups differ considerably suggests that 
the latter is the case. The magnetization with the long T1ρ ~ 200 ms makes up ~ 88% of the 
sample magnetization. The associated FID exhibits the curving down at the longer times, on 
a semi-log plot, characteristic of a sample with T2 ≥ T2
*
. In this case only the initial flat 
portion (on semi-log plot) was fitted to a single exponential to determine the size of this 
magnetization. The data over the first 1800 µs was used for this purpose (see Fig. 5.12a and 
Fig. C.1) and the associated T2 is called T2
*
, Table 5.8. 
Considering that T2 ~ T2
*
 of the magnetization L1N, with T1ρ ~ 189 ms, is explicitly 
longer than T2 = 2.2 ms of the magnetization LN1, with T1ρ = 7 ms, clearly indicates that two 
distinct spin groups are involved. From the structure of the reconstructed FIDs we conclude 
that on the T1ρ time scale spin group LN1 is coupled to spin groups S
a
1N and S2N. Coupling of 
spin group L2N or S
b
1N to other spin groups is not observed on the T1ρ time scale. 
Figure B.5 in Appendix B shows a typical magnetization recovery curve in natural 
cartilage at 3
o
C, obtained in a T1HH inversion recovery experiment with the data taken at 7.5 
µs time point on the FID. As shown in Figure B.5 and Table B.5, the curve is well described 
by two exponentials; 2.2% of the magnetization has T1 = 57 ms   and   97.8 % of the 
magnetization has T1 = 456 ms. Figure 5.9b shows the reconstructed FIDs from this T1HH 
experiment in the natural cartilage at 3
o
C.  
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Figure 5.12 Reconstructed FID’s for natural cartilage at 3oC. Data was taken to t = 
1800 µs and shown in this figure up to 1000 µs  in order to show the short T2 
component clearer. a) T1ρ, b) T1HH and c) T1SH.  
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Each reconstructed FID was analyzed using a sum of Gaussian and exponential function as 
suggested by the shape of the FIDs in Fig. 5.9b and utilizing the approach discussed in 
section 4.1.4. 
Table  5.8 Observed 2D relaxation parameters of the natural articular cartilage at 3
o
C . The 
repetition time for all experiments is 6 seconds. The symbols (G) and (E) indicate Gaussian 
and exponential FID shapes, respectively. 
Natural 
3
o
C 
T1, T1ρ (ms) T2 (µs) Assignment 
Magnetization 
% 
T1ρ     
long 189 ± 1 T2
*
 H2O (L1N) 88.0 ± 0.5 
medium 7 ± 2 17.0 ± 0.5 (G) Collagen a (S
a
2N) 2.5 ± 0.5 
  59 ± 8 (G) CH3 (S2N) 0.5 ± 0.5 
  2200 ± 42 (E) 
PG + H2Obound 
(L2N) 
3.0 ± 0.5 
short 1.0 ± 0.5 18 ± 1 (G) Collagen b (S
b
2N) 6.0 ± 0.5 
T1HH     
long 460 ± 2 21.5 ± 0.5 (G) Collagen b (S
b
2N) 4 ± 0.5 
  T2
*
 H2O (L1N) 93.0 ± 0.5 
short 66 ± 12 13 ± 5 (G) Collagen a (S
a
2N) 3 ± 0.5 
T1SH     
long 460 ± 2 21 ± 1 (G) Collagen b (S
b
2N) 6.0 ± 0.5 
  T2
*
 L1N 94 ± 0.5 
short 42 ± 10 20.5 ± 0.5 (G) Collagen a (S
a
2N) (-4.0) ± 0.5 
  4800 ± 140 (E) 
PG + H2Obound 
(L2N) 
4.0 ± 0.5 
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The magnetization, with the long T1HH ~ 460 ms, makes up approximately 97% of the 
sample magnetization, and the associated, reconstructed FID was modeled as the sum of two 
components; a Gaussian with T2 ~20 µs (solid) and an exponential with T2
*
 (liquid), Figure 
C.2. The observation of having the solid and liquid components, with two very different T2, 
exhibit the same apparent T1 means that either these two different spin reservoirs accidentally 
have the same T1 or magnetization exchange couples their spin -lattice  relaxations strongly 
enough so that a single T1 is observed.  
In the natural cartilage at 3
o
C, two T1 components were resolved in the T1SH 
experiment similar to those seen in the T1HH experiment (Figure B.6 and Table B.6). The 
results from the 2D analysis are shown in Figures C.3, 5.12c and Table 5.8. The 
magnetizations with T1 ~ 460 ms and T1 ~ 42, show distinctly different reconstructed FID 
behavior compared to that seen in the reconstructed FIDs in the T1HH results because of 
different spin preparation. A negative reconstructive FID associated with the magnetization 
with the short T1 is a key indicator for exchange coupling between the solid and liquid 
magnetization components within the cartilage matrix.  
The results of the 2D spin- lattice relaxation time measurements for the natural 
cartilage sample at -10
o
C are summarized in Figure 5.13, Figures C.4 - C.6 and Table 5.9.  
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(a) 
(c) 
(b) 
Figure 5.13 Reconstructed FID’s for frozen natural cartilage at -10oC. Data was 
taken to t = 1800 µs and shown in this figure up to 1000 µs  in order to show the 
short T2 component clearer. a) T1ρ,, b) T1HH and c) T1SH. 
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Table  5.9 Observed 2D Relaxation Parameters of the natural articular cartilage at -10
o
C . The 
repetition time for all experiments is 15 seconds. The symbols (G) and (E) indicate Gaussian 
and exponential FID shapes. 
 
 
 
 
 
Natural  –10oC T1, T1ρ (ms) T2 (µs) Assignment 
Magnetization 
% 
T1ρ     
long 4 ± 1  12.0 ± 0.5 (G)  Collagen a (S
a
1N) 8.5 ± 0.5 
  740 ± 32 (E) PG (L1N) 13.0 ± 0.5 
medium 1.5 ± 0.5  22  ± 1 (G) Collagen b (S
b
2N) 4.5 ± 0.5 
  663 ± 49 (E) H2OBound (L2N) 6.0 ± 0.5 
short 0.10 ± 0.01  13.5 ± 0.5 (G) Ice (S3N) 68 ± 1 
T1HH 
  
 
 
long 3000 ± 1  13.5 ± 0.5 (G) Ice (S3N) 68 ± 12 
medium 82 ± 3 14.0 ± 0.5 (G) Collagen a (S
a
1N) 14.0 ± 2 
  
845 ± 18 (E) PG (L1N) 11 ± 2 
Short-T1HH 21 ± 2  17 ± 1 (G) Collagen b (S
b
2N) 1.5 ± 0.5 
  
T2
*
 H2OBound  (L2N) 5.5 ± 0.5 
T1SH 
  
 
 
long 3000 ± 1  13.5 ± 0.5 (G) Ice (S3N) 43 ± 1 
medium 82 ± 8  14.5 ± 0.5 (G) Collagen a (S1N) 24.5 ± 0.5 
  
899 ± 17 (E) PG (L1N) 18.5 ± 0.5 
Short-T1SH 20 ± 3  13.5 ± 0.5 (G) Collagen b (S2N) (-14.5) ± 0.5 
  
988 ± 20 (E) H2OBound (L2N) 29.0 ± 0.5 
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  Due to the presence of the large water proton reservoir in the natural tissue, 
which undergoes drastic changes as the water freezes, the reconstructed FIDs at -10
o
C appear 
quite different from those at 3
o
C; i.e., FIDs in Figure 5.13 compared with FIDs in Figure 
5.12. One of the most prominent changes is the disappearance of the major magnetization 
component L2N seen at 3
o
C (Figure 5.12) and the appearance of the major magnetization 
component S3N (Figure 5.13, Table 5.9) with T2 in the range 13-17 µs and T1 = seconds and 
T1ρ = 100 µs. This component was assigned to ice protons in the tissue. Excluding the ice 
signal, two T1 components, each with a solid-like and liquid-like (T2 ~ ms) FID, is observed.  
 Comparing this to the results at -10
o
C for the deuterated tissue, it is seen that the 
liquid-like component with short T1HH, as well as T1SH, is clearly of much larger amplitude in 
the natural tissue than in the deuterated tissue. The larger proportion of the L2N components 
is assigned to non-freezable bound H2O. 
 
Exchange Analysis in Natural Articular Cartilage  
From Figure 5.13 (and Table 5.9) it is seen that the 13 µs T2 component (S3N), which 
has been assigned to ice protons, does not appear to have associated with it any other T2 
component. The collagen a and collagen b signals in all the reconstructed FID’s for the 
natural cartilage tissue have been labeled as S1N  and S2N, respectively. The S1N component is 
observed to be associated with the PG (L1N) component.  The S2N component appears to be 
associated with the long-T2 liquid component, which is most likely a mixture of PG (L1N) and 
bound water (L2N) signals. The above is indicative of 4-sites exchange scenario, which 
involves two collagen groups a and b, PG (L2N) and bound water. 
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Results of the simulation of the 4-site exchange model for the natural cartilage at -
10
o
C is given for T1ρ, T1HH and T1SH experiments in tables D.4 - D.6. For the above-freezing 
case, (3
o
C), four-site exchange modeling is indicated and the exchange simulations for all 2D 
experiments for the deuterated cartilage are presented in Tables D.1 – D.3. In the T1SH 
experiments the same procedure as used in section 5.2.1 for calculating the inversion factor 
for each magnetization component from selective inversion experiment, was used.  
The simulated 4-site exchange scenario for the 3
o
C case (natural cartilage) is shown 
in Figure 5.14a. The simulated 4-site exchange scenario for the -10
o
C case (natural cartilage) 
is shown in Figure 5.14b.  
 
Observed Discrepancies between Simulated and Experimental Relaxation 
Parameters in the Exchange Modelling 
 Considering the modelling results presented in the exchange analysis tables in 
Appendix D, it is seen that in general the match between simulation and experiment is not 
perfect. In this connection a number of factors warrant comment. The first, connected with 
some of the required experimental relaxation parameters needed to define the intrinsic 
relaxation/exchange scenario fully, not being observed experimentally, has been mentioned 
already at the beginning of the subsection “Exchange Analysis in Deuterated Articular 
Cartilage” in section 5.2.1. A second factor, inherent in the present experiments, is directly 
related to the fact that cartilage is not a homogeneous material. In particular, cartilage consist 
of different PG – collagen – water subsystems with in the different zones (layers) within the 
cartilage sample, with differing structural and dynamical characteristics. In the present 2D 
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relaxation experiments an average over the different zones is observed for each resolved 
relaxation parameter.  
 In view of the above we consider the present exchange results to provide a semi-
quantitative representation of the tissue, with the derived relaxation and exchange parameters 
acting as a guide as to the nature of the true parameters. 
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(a) 
(b) 
Figure 5.14 Exchange model for natural cartilage, a) at 3
o
C and b) at -10
o
C. 
Numbers in brackets represent T1ρ parameters and non-bracketed numbers represent 
T1 parameters. 
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5.3 High Field Results and Discussion 
In this section, a method based on NMR Spectroscopy is developed for the detection of 
cartilage deterioration. The method is tested and assessed on a commonly used in-vitro model 
of cartilage degradation using enzymatic depletion of PG with Trypsin: a model which also 
provides a controlled simulation of osteoarthritis. Although only preliminary results are 
presented in this study, the method shows potential for the early detection of the onset of 
cartilage degradation. The aim of the present approach is to look directly at the main 
structures of ECM, collagen and PG, without reference to water; i.e., to look directly at the 
component of the tissue being degraded in early OA, as well as at collagen as a reference.  
This section presents two approaches for determining PG contents. One is concerned 
with proton MAS NMR spectroscopy of cartilage, which provides a bench-mark reference 
for the other approach dealing with CSI spectroscopy, which offers a more practical 
technique for clinical application. In this preliminary study, only fully- deuterated cartilage 
samples are considered. 
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Figure 5.15 A static proton spectrum of deuterated bovine articular cartilage 
tissue. The inset shows the spectrum with the amplitude x 10. The solid line in the 
inset represents the two Gaussian fit for the collagen.  
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Articular cartilage covers the surface of bone in articulating joints. It is made up of a 
complex network containing mainly collagen fibres, which play an important structural role 
in maintaining tissue integrity, and proteoglycans, which are highly charged, hygroscopic 
molecules responsible for the osmotic pressure aspects of the tissue. In cartilage tissue PG 
molecules are considered to be substantially more mobile than collagen molecules with their 
proton resonances lying in the motional narrowing and rigid lattice regimes, respectively. 
The spin groups in the motional narrowing and rigid lattice regimes are also referred to as 
liquid-like and solid-like groups, respectively. Figure 5.15 shows a static proton spectrum in 
deuterated bovine articular cartilage tissue. The aim is to define the collagen part. The static 
spectrum has been analysed using a number of Lorentzian to provide a reasonable 
representation of the narrow peaks, and two Gaussians to represent the broad peaks. The 
Lorentzian peaks can then be subtracted from the total spectrum to give us the collagen 
spectrum. The inset gives a vertically expanded view of the spectrum. The solid line 
represents a least squares fit of two Gaussians to represent the collagen proton component. 
Figure 5.16 shows a 
1
H MAS NMR spectrum of articular cartilage at 500 MHz and 
spinning rate of 5 kHz. The larger collagen molecules give rise to signals that are too broad 
(see Fig. 5.15) to be properly detected with MAS. The labels on the spectral features, the 
assignments, shown in Figure 5.16 are based on published work by Mucci et al., Schiller et 
al., Xia and Ling et al. [107, 109, 121-123].   
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Figure 5.16 
1
H MAS NMR spectra of deuterated bovine articular cartilage. (a) 0% PG-
depleted AC tissue (normal AC). (b) 14% PG-depleted AC tissue. (c) 38%  PG-depleted 
AC tissue. (d) 68% PG-depleted AC tissue. Lipid consist of a chain of CH2 groups 
termenated at one end with a CH3 group and at the other end with a polar head group. 
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Treating the tissue with trypsin modifies PG but not collagen. In this section, the aim 
is to obtain a relationship between the sizes of collagen and PG structural components and to 
find a marker that shows sensitivity to tissue degradation. Proton MAS provides a resolved 
PG spectrum, quantifying the sizes of sugar ring, N-Acetyl group, and lactate acid proton 
groups, while a static spectrum yields the size of the collagen proton spin group, which 
serves as internal reference for quantifying the amount of PG in the tissue. 
Trypsin was used at different concentrations and for different application times to 
achieve different PG-depletion levels in the cartilage. In this study depletion levels in the 
range of ~ 10 % to ~ 70 % were used. 
A standard curve was tested to determine the accuracy of the reference sample slope 
of the reference sample to ensure accuracy when plating the actual samples, Figure 5.17. The 
standard curve will show a specific color range when the dye is added,  and it is important to 
make sure that the samples being tested will fall into this color range. As explained in chapter 
4 the process of preparing and plotting the standard curve will be important to establish the 
standard curve by knowing the exact amount of chondroitin sulphate at each point in the 
curve. This standard curve was the reference to find out how much PG is left in each depleted 
sample after digesting the sample with papain. Next we obtained the spectrophotometer 
reading using 50 µl in three wells. Then, adding 200 µl of the dye we tried to make sure it 
fell in the standard curve colors range. After taking the spectrophotometer reading at 525 
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wave length, the average of the three sets of each sample was taken to calculate the PG 
amount and to make sure that it fell on the standard curve (calculated line). If the 
spectrophotometer reading was off the standard curve, then dilution of the actual cartilage 
sample is needed. Not only should the cartilage supernatant be measured, but also the trypsin 
and the trypsin inhibitor solutions. These should all fall on the standard curve. Following 
this, the final PG-depletion level can be calculated. 
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Figure 5.17 Standard curve for media DMMB shows the absorbance reading in 
optical dencity (O. D.) for each standard concentration in µg.  
 
  120 
Table 5.10 gives the ratio of the areas of the three main peaks (whole PG area, N-Acetyl 
group, and sugar rings (C-S)) to the area of the collagen peak as a function of depletion, 
while Figure 5.18 shown plots of these ratios.  
Table  5.10 PG/Coll, N-Ac/Coll, and C-S/Coll ratios , as determined from the MAS and static 
experiments , for a series of PG-Depletion levels. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
% PG-Depletion PG/Coll N-Ac/Coll C-S/Coll 
0 1.0 ± 0.3 1.0 ± 0.3 1.0 ± 0.3 
11.93 0.5 ± 0.2 0.5 ± 0.2 0.5 ± 0.2 
13.96 0.6 ± 0.2 0.5 ± 0.2 0.6 ± 0.2 
14.30 0.6 ± 0.2 0.5 ± 0.2 0.5 ± 0.2 
14.33 0.6 ± 0.2 0.4 ± 0.2 0.3 ± 0.1 
14.44 0.6 ± 0.1 0.5 ± 0.1 0.6 ± 0.2 
15.96 0.6 ± 0.2 0.5 ± 0.2 0.5 ± 0.2 
16.29 0.6 ± 0.2 0.5 ± 0.2 0.5 ± 0.2 
18.82 0.6 ± 0.2 0.5 ± 0.2 0.6 ± 0.2 
20.01 0.4 ± 0.2 0.3 ± 0.1 0.3 ± 0.1 
20.07 0.6 ± 0.2 0.5 ± 0.1 0.5 ± 0.2 
20.98 0.6 ± 0.1 0.4 ± 0.1 0.5 ± 0.2 
24.03 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 
27.32 0.4 ± 0.2 0.3 ± 0.2 0.3 ± 0.1 
27.33 0.5 ± 0.2 0.5 ± 0.2 0.4 ± 0.1 
35.59 0.5 ± 0.2 0.4 ± 0.1 0.4 ± 0.2 
38.09 0.4 ± 0.1 0.3 ± 0.1 0.3 ± 0.05 
56.51 0.3 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 
68.14 0.2 ± 0.05 0.2 ± 0.05 0.2 ± 0.05 
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(a) 
(b) 
(c) 
Figure 5.18 Plots of a) PG/Collagen, b) N-Ac/Collagen and c) C-S/Collagen ratios 
versus PG-depletion. The ratios were determined from the MAS and static 
experiments as discussed in the text. In each case the ratios were normalized to equal 
1 at zero percent PG-depletion. The solid lines represent bi-exponential fits to the data.  
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Figure 5.19 shows the sensitivity that was calculated from the MAS data. From this graph, 
we can see that this technique has the potential for high sensitivity particularly over the first 
10 % of PG-depletion. 
 
 
 
 
Figure 5.19 PG- depletion sensitivity curve from MAS results. The solid line represent 
bi-exponential fits to the data.  
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Although the above combination of MAS and static measurements shows promise as 
a sensitive depletion method for PG-depletion, the technique is of no practical use for in vivo 
observation of cartilage tissue. A fully stationary technique must be considered with the 
potential for creating high resolution spectra of PG that define the main spectral features as 
obtained with MAS. 
Chemical shift imaging (CSI) is such technique. This technique provides a high 
spectral resolution and allows for partial corrections of local field susceptibility and 
shimming inhomogeneities leading to better spectral resolution. However, while MAS 
removes dipolar coupling and chemical shift anisotropy, resulting in sharper spectra, CSI 
does not. Nevertheless, in the case of fast motion of proton spin groups, CSI has been 
successfully applied in the observation of high resolution spectra of small metabolites in 
tissue. PG in cartilage is not a small structure, but owing to large and fast segmental motions, 
relatively sharp spectra of PG can be obtained under stationary conditions using CSI, a 
circumstance which, could provide a practical method of observation in vivo. Such a method 
is described in the following. 
In this work, it is important to emphasize the importance of the effect of PG thermal 
motions on the spectral resolution. To this end consider the following MAS experiment 
designed to trace water evaporation in normal deuterated cartilage from full bulk water 
saturation to total evaporation (Fig. 5.20). The MAS experiment was performed at 5 kHz 
spinning rate, as described above.  
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(a) 
(c) 
(b) 
(d) 
Figure 5.20 Proton MAS spectra in normal, deuterated cartilage at a) 100% hydration, 
b) 50% hydration, c) 15% hydration  and  d) 0% hydration. 
12345
ppm
012345
ppm
5 4 3 2 1
ppm
6 5 4 3 2 1 0
ppm
 B
  125 
From the full water saturation case to its final evaporation, the spectral resolution 
decreases to the point of collapsing into a broad background of collagen- PG spectral 
structures, despite the 5 kHz MAS condition. This clearly demonstrates the importance of 
thermal motions in the observation of high resolution PG spectra in cartilage. As 
demonstrated below, such motions are large enough to even produce well resolved spectra 
without MAS. 
Figure 5.21 shows an example of a 2D proton image (6 mm FOV, 1 mm slice 
thickness, and 64X64 digital resolutions) of a normal, deuterated bovine cartilage tissue, and 
its corresponding 1D CSI spectra with a 32 digital resolution (spatial resolutions about          
3 mm/32); the CSI scan direction is indicated by an arrow in both diagrams. Similar data 
were obtained for a series of PG depletion levels ranging from 0% to 68% depletion. Each 
CSI data set is obtained after correction for shim inhomogeneities and amplitude variation 
due to imaging gradient imperfections along the 1D imaging direction, utilizing a similar 
calibration scan on a liquid solution of 22 mM DSS/D2O. Throughout these scans, water 
suppression was applied. If any remnants of residual water interference were present, these 
were removed by post data filtering analysis using least square fitting procedures. Following 
these correction procedures, a sum total spectrum was created and compared to the global 
collagen signal, as done for the MAS experiment.  
An example of three PG spectra, shown in Figure 5.22, illustrates the variation of the 
spectral distribution with depletion. The spectra also show sufficient frequency resolution to 
clearly resolve the peaks at N-Ac and C-S positions. Table 5.11 lists the areas under these 
peaks for the entire series of spectra obtained for nine depletion levels. 
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Figure 5.22 CSI spectra for deuterated articular cartilage , (a) 0% PG-depletion, 
(b) 14% PG-depletion and (c) 40% PG-depletion.   
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Table  5.11 Spectral area ratios PG/Coll, N-Ac/Coll and C-S/Coll obtained from CSI scans. 
% PG-Depletion PG/Coll N-Ac/Coll C-S/Coll 
0 1.0 ± 0.3 1.0 ± 0.3 1.0 ± 0.3 
0 1.0 ± 0.3 1.1 ± 0.3 1.2 ± 0.3 
10.04 0.5 ± 0.2 0.5 ± 0.2 0.5 ± 0.2 
10.95 0.5 ± 0.2 0.5 ± 0.2 0.7 ± 0.2 
11.273 0.9 ± 0.3 0.9 ± 0.3 1.1 ± 0.3 
14.81 0.6 ± 0.2 0.6 ± 0.2 0.6 ± 0.2 
27.07 0.4 ± 0.1 0.4 ± 0.2 0.5 ± 0.2 
40.24 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 
65.33 0.2 ± 0.05 0.2 ± 0.05 0.2 ± 0.05 
 
A series of nine depletion levels of collagen areas was obtained by subtracting of the 
cartilage spectrum obtained from a spin echo with a 1 ms echo delay from the spectrum 
obtained from the FID following a short 90 degree pulse of 5 µs. In each case a repetition 
time of 5 s was used to avoid saturation effects. The signal from the spin echo was devoid of 
collagen broad line signal. Each signal was filtered with a 1000 Hz exponential filter and 
Fourier transformed before subtraction. This approach effectively leaves a collagen line to be 
analysed for area extraction, as is illustrated in Fig.  5.23. The list of these areas is given in 
Table 5.12.   
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Table  5.12  Collagen area was extracted from the total polymiric spectral area and all 
collagen areas in the table were renormlized such that first area entry equal to one. 
 
  
% PG- Depletion Collagen Area (a. u.) 
0 1.0 ± 0.3 
0 0.6 ± 0.2 
10.04 1.2  ± 0.3 
10.95 1.3 ± 0.4 
11.27 0.7 ± 0.2 
14.81 0.8 ± 0.3 
27.078 1.3 ± 0.4 
40.24 0.8 ± 0.2 
65.33 2.3 ± 0.6 
-150-100-50050100150
ppm
Figure 5.23 Typical collagen area extraction from static spectrum  of 
deuterated articular cartilage. 
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(a) 
(b) 
(c) 
Figure 5.24 Ratio from CSI experiments (a) PG-Collagen ratio , (b) N-Ac –Collagen 
ratio, (c) C-S – Collagen ratio. The solid lines represent bi-exponential fits to the data.  
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The final results for the PG-Collagen ratio as a function of the PG depletion level are 
given in Figure 5.24 and Table 5.11. The average trend of the variation of these ratios with 
respect to the depletion level is represented by the solid lines. These lines are calculated from 
a least square fits of the sum of two exponential functions to the data. As for the MAS 
experiment, this allows for computation of the sensitivity of the various ratios, as defined 
above, to the PG depletion level, especially at the lower levels of depletion, associated with 
early detection of PG defects, Fig. 5.25. In the present case Fig 5.25 suggests that the slope of 
the ratio versus depletion plot is particularly sensitive to depletion in the range 0 - 10% 
depletion. These results are in keeping with our main goal of presenting an NMR technique 
with high sensitivity to early onset of cartilage deterioration, and with a realistic potential for 
clinical application.  
 
Figure 5.25 PG- depletion sensitivity curve from CSI results. The solid line 
represent bi-exponential fits to the data.  
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Chapter 6 
CONCLUSIONS AND RECOMENDATIONS 
6.1 Conclusions 
30 MHz Relaxation and Exchange Modeling  
 The proton transverse decay was measured and analysed in natural and deuterated 
bovine articular cartilage at 3
o
C and at -10
o
C. These experiments clearly identified collagen, 
liquid-like PG, water and ice proton spin groups. In addition, in the frozen, deuterated 
cartilage the HDO ice proton spin group was particularly well defined through its long T1 ~ 3 
seconds and T2 ~ 80 µs. 
 Using the 2D time domain NMR spin-lattice relaxation experiments, T1HH, T1SH and 
T1ρ, the FIDs of the T1 and T1ρ component magnetizations were reconstructed for the four 
cases, natural and deuterated tissue at 3
o
C and -10
o
C. The reconstructed FID for deuterated 
tissue at -10
o
C, obtained in the 2D T1ρ experiment, resolved two distinct collagen spin 
groups, each making up a significant portion of the collagen spin reservoir. This is the first 
time that these collagen subgroups have been identified and characterized.  For each of the 
four cases, the results from the 2D time domain experiments, combined with the transverse 
decay results and known sample stoichiometry, were interpreted with a view towards 
defining a multi-spin group relaxation/exchange model for the tissue. The models were 
quantified using an exchange analysis/simulation approach.  This way, for each case a 
comprehensive exchange model was derived involving four spin reservoirs, two collagen 
spin reservoirs (a and b), one mobile PG and one water spin reservoirs (H2O in natural and 
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HDO in deuterated cartilage tissue). At -10
o
C the ice spin group was found to be uncoupled 
from the remaining spin groups. 
 The relaxation/exchange models for articular cartilage, reported upon here, provide a 
more detailed description of cartilage inter-constituent pathways for magnetization exchange, 
than available in the literature. As such, they are expected to have application in improving 
MRI-based magnetization transfer protocols in the clinical setting. 
 
500 MHz CSI Experiments 
The ratio of the area of the PG/broad-line collagen signal was obtained in cartilage, at 
various levels of PG depletion, by combining a CSI sequence (no spinning) to define the high 
resolution PG signal, with a simple broad-line sequence (no spinning) to obtain the collagen 
signal. In effect this gives the absolute PG content (PG/collagen ratio) in a static setting (e.g., 
in vivo, clinical setting). The PG/collagen ratios obtained this way were found to compare 
well to those using MAS in place of CSI, demonstrating that this combination of CSI signals 
and broadline collagen signal may have    practical application in the clinical setting. In 
addition, CSI was successfully used in a 2D imaging experiment of deuterated cartilage, and 
in combination with broadline spectra for collagen demonstrates proof-of-concept for using 
this approach to determine the PG/collagen ratio in the MRI setting. To our knowledge this 
represents the first time that the CSI signal - collagen signal ratio has been investigated in PG 
depletion cartilage tissue. 
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6.2  Recommendations  
To circumvent the averaging effect of the apparent relaxation parameters over the 
cartilage zones in cartilage plugs it should prove useful to develop samples which contain 
only one type of cartilage zone; i.e., physically separate the zones of a cartilage plug. This 
will allow the study of relaxation and magnetization exchange for each separate zone type. 
The CSI-based approach for PG/collagen ratio in the MRI setting can be improved 
upon by using faster field gradients to detect collagen, also with CSI. This would involve 
modification of the gradient switching circuitry.  The above proof–of –concept experiment 
needs to be repeated using natural cartilage rather than deuterated cartilage to demonstrate 
applicability in the clinical setting.          
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 Appendix A
Proteoglycan Structure 
 
Proteoglycan structure and components molecular weights were discussed in section 3.13. In 
this Appendix a brief description of the main sugar ring chains, that build up the 
proteoglycan, is presented. Figure A.1 shows the polysaccharide structure and sulfate 
positions of Hyaluronic acid, Chondroitin Sulfate, and Keratin Sulfate [124].   
Hyaluronic acid (HA) is the major long chain that contains non-sulfated glycosaminoglycan 
and binds proteoglycan monomers via linked proteins. The repeating disaccharide of HA is 
shown in Fig. A.1a. 
Chondroitin Sulfate exists in three different forms A, B and C, depending on the sulfate ester 
position, and are shown in Fig. A1c, A1d and A1e, respectively. Chondroitin sulfate A and B 
are also called chondroitin-4 and chondroitin-6. 
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Figure A. 1 Repeating disaccharide units in glycosaminoglycan chains. a) Hyaluronic 
acid, b) Keratin Sulfate, c), d), and e) different forms of Chondroition Sulfate. 
 
(a) Hyaluronic acid. (b) Keratin Sulfate. 
(c) Chondroitin Sulfate (A). (d) Chondroitin Sulfate (B). 
(e) Chondroitin Sulfate (C). 
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  Appendix B
Examples of Multicomponent Relaxation Decay Curves 
In this Appendix a few examples are given of the procedure (section 4.14) used to decide on 
the number of magnetization components relevant for a particular multicomponent analysis. 
   T1ρ of deuterated cartilage at 3
o
C B.1
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Data: A17R10P3_C1
Model: ExpDec3
Equation: y = A1*exp(-x/t1) + A2*exp(-x/t2) + A3*exp(-x/t3) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 0.54112
R^2 =  0.9998
  
y0 0 ±0
A1 70.69548 ±3.38237
t1 5.98762 ±0.28309
A2 64.54126 ±3.36949
t2 1.30849 ±0.07446
A3 51.93022 ±0.38751
t3 615.11635 ±16.88027
Data: A17R10P3_C1
Model: ExpDec4
Weighting: 
y No weighting
  
Chi^2/DoF = 0.46928
R^2 =  0.99984
  
y0 0 ±0
A1 26.87927 ±8.4829
t1 0.70235 ±0.1654
A2 31.69277 ±9.58181
t2 10.21672 ±2.00707
A3 79.25406 ±6.43569
t3 2.81621 ±0.48249
A4 50.58278 ±0.507
t4 658.41652 ±22.38712
Data: A17R10P3_C1
Model: ExpDec3
Equation: y = A1*exp(-x/t1) + A2*exp(-x/t2) + A3*exp(-x/t3) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 0.39196
R^2 =  0.99986
  
y0 0 ±0
A1 62.32199 ±2.91416
t1 1.26989 ±0.06414
A2 72.65638 ±2.92825
t2 5.767 ±0.22769
A3 52.28887 ±0.32363
t3 617.38823 ±14.21003
A17R10P3.tau
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Figure B. 1 T1ρ relaxation curve of deuterated cartilage  for a time window of 
7.5 µs  on the FID at 3
o
C, showing 2, 3 and 4 component fits. The best-fit 
parameters and the corresponding  χ2 values are shown in Table B.1. 
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Table  B. 1 The best-fit parameters, T1ρ and magnetization fractions, as well as χ
2
 values for 
2, 3 and 4 component decompositions of T1ρ decay curve given in Figure B.1. 
 
 
 
 
 
 
 
 
  T1HH of deuterated cartilage at 3
o
C B.2
  
Components of natural 
T1ρ (t = 7.5 µs), (3
o
C) 
T1ρ (ms) Magnetization χ
2
 
Two 
component 
T1ρShort 3.1 ± 0.1 125.6 ± 1.6 
8.10 
T1ρLong 500.2 ± 37.6 56 ± 1 
Three 
components 
T1ρShort 1.3 ± 0.8 66.2 ± 3.8 
0.39 T1ρMedium 6.2 ± 0.3 69.3 ± 3.9 
T1ρLong 662.4 ± 20.5 51.6 ± 8.4 
Four 
components 
T1ρShort 0.7 ± 0.2 26.8 ± 8.4 
0.30 
T1ρMedium1 2.8 ± 0.5 79.3 ± 6.4 
T1ρMedium2 10.2 ± 2.0 31.7 ± 9.5 
T1ρLong 658.4 ± 22.3 50.5 ± 0.5 
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Data: A17H1P3_C17
Model: ExpDec3
Equation: y = A1*exp(-x/t1) + A2*exp(-x/t2) + A3*exp(-x/t3) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 0.16052
R^2 =  0.99991
  
y0 0 ±0
A1 5.99662 ±1.4342
t1 20.7335 ±5.53008
A2 44.49743 ±1.18881
t2 129.61598 ±7.22661
A3 71.1893 ±1.12213
t3 919.48005 ±14.59417
Data: A17H1P3_C17
Model: ExpDec4
Weighting: 
y No weighting
  
Chi^2/DoF = 0.15898
R^2 =  0.99992
  
y0 0 ±0
A1 3.2703 ±2.7142
t1 12.98979 ±9.36327
A2 21.32962 ±33.37236
t2 80.90534 ±64.50231
A3 28.46625 ±32.33215
t3 181.57613 ±117.3432
A4 68.68069 ±3.88227
t4 942.72361 ±35.44713
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A17H1P3n.tauFigure B. 2 T1HH relaxation curve of deuterated cartilage  for a time window of 
7.5 µs on the FID at 3
o
C, showing 2, 3 and 4 component fits. The best-fit 
parameters and the corresponding χ2 values are shown in Table B.2 
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Table B. 2  The best-fit parameters, T1HH and magnetization fractions, as well as χ
2
 values 
for 2, 3 and 4 component decompositions of T1HH decay curve given in Figure B.2. 
  
 
 
 
 
 
 
 
 
 
 T1SH of deuterated cartilage at 3
o
C B.3
 
Components of natural 
T1HH (t = 7.5 µs), (3
o
C) 
T1HH (ms) Magnetization χ
2
 
Two 
component 
T1Short 101.3 ± 0.1 45.5 ± 1.1 
0.50 
T1Long 874.7 ± 16.7 75.3 ± 1.2 
Three 
components 
T1Short 20.7 ± 6.3 5.9 ± 1.4 
0.16 T1Medium 129.6 ± 51 44.5 ± 1.2 
T1Long 919.4 ± 14.5 71.2 ± 1.1 
Four 
components 
T1Short 12.9 ± 9.4 26.8 ± 8.4 
0.16 
T1Medium1 80.9 ± 64.5 79.3 ± 6.4 
T1Medium2 181.5 ± 117.3 31.7 ± 9.5 
T1Long 942.7 ± 354 50.5 ± 0.5 
Figure B. 3 T1SH relaxation curve of deuterated cartilage  for a time window of 
28.5 µs on the FID at 3
o
C, showing 2, 3 and 4 component fits.  The best-fit 
parameters and the corresponding χ2 values are shown in Table B.3. 
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Data: A17S1P3_C16
Model: ExpDec3
Equation: y = A1*exp(-x/t1) + A2*exp(-x/t2) + A3*exp(-x/t3) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 0.54891
R^2 =  0.99976
  
y0 0 ±0
A1 6.45694 ±0.69782
t1 2.87851 ±0.83645
A2 41.89198 ±1.09153
t2 91.90464 ±4.79843
A3 84.68051 ±1.19996
t3 843.41531 ±14.79931
A17S1P3.tau
Data: A17S1P3_C16
Model: ExpDec4
Weighting: 
y No weighting
  
Chi^2/DoF = 0.50897
R^2 =  0.99979
  
y0 0 ±0
A1 5.98198 ±0.75966
t1 2.39059 ±0.77654
A2 34.42692 ±8.32939
t2 75.75911 ±13.68374
A3 18.06304 ±10.02704
t3 308.22518 ±284.746
A4 74.69029 ±15.6236
t4 910.50966 ±88.20731
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Table B. 3  The best-fit parameters, T1SH and magnetization fractions, as well as χ
2
 values for 
2, 3 and 4 component decompositions of T1SH decay curve given in Figure B.3. 
Components of natural 
T1SH (t = 28.5 µs), (3
o
C) 
T1SH (ms) Magnetization χ
2
 
Two 
component 
T1Short 72.2 ± 5.1 41.7 ± 1.5 
1.8 
T1Long 810.9 ± 21.2 88.1 ± 1.6 
Three 
components 
T1Short 2.9 ± 6.3 6.5 ± 0.7 
0.54 T1Medium 91.9 ± 4.8 41.9 ± 1.1 
T1Long 843.4 ± 14.8 84.7 ± 1.2 
Four 
components 
T1Short 2.4 ± 0.7 5.9 ± 0.7 
0.51 
T1Medium1 75.6 ± 13.6 34.4 ± 8.3 
T1Medium2 308.2 ± 284.7 18.1 ± 10.0 
T1Long 910.5 ± 88.2 74.7 ± 15.6 
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  T1ρ of natural cartilage at 3
o
C B.4
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Data: A18R10P3_C1
Model: ExpDec3
Equation: y = A1*exp(-x/t1) + A2*exp(-x/t2) + A3*exp(-x/t3) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 0.69958
R^2 =  0.99987
  
y0 0 ±0
A1 12.48455 ±2.65015
t1 0.96085 ±0.27145
A2 12.56102 ±2.56797
t2 5.6487 ±1.5527
A3 213.10075 ±0.57819
t3 187.12796 ±0.93
Data: A18R10P3_C1
Model: ExpDec2
Equation: y = A1*exp(-x/t1) + A2*exp(-x/t2) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 1.07031
R^2 =  0.99978
  
y0 0 ±0
A1 22.34601 ±0.60506
t1 2.5468 ±0.17994
A2 214.25902 ±0.42297
t2 185.75809 ±0.93679
Data: A18R10P3_C1
Model: ExpDec4
Weighting: 
y No weighting
  
Chi^2/DoF = 0.33002
R^2 =  0.99994
  
y0 0 ±0
A1 8.16207 ±2.83261
t1 0.66286 ±0.25727
A2 15.07917 ±2.7454
t2 3.33587 ±0.69504
A3 124.14168 ±156.35173
t3 145.99468 ±51.05039
A4 90.97702 ±156.76068
t4 254.04822 ±128.39054
A18R10p3.tau
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Figure B. 4 T1ρ relaxation curve of natural cartilage  for a time window of 7.5 µs 
on the FID at 3
o
C, showing 2, 3 and 4 component fits.  The best-fit parameters 
and the corresponding χ2 values are shown in Table B.4. 
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Table B. 4 T1ρ The best-fit parameters, T1HH and magnetization fractions, as well as χ
2
 values 
for 2, 3 and 4 component decompositions of T1HH decay curve given in Figure B.4. 
  
Components of natural 
T1ρ (t = 7.5 µs), (3
o
C) 
T1ρ (ms) Magnetization χ
2
 
Two 
component 
T1ρShort 2.5 ± 0.6 22.3 ± 0.6 
1.1 
T1ρLong 185.7 ± 0.9 214.1 ± 0.4 
Three 
components 
T1ρShort 0.9 ± 0.2 12.5 ± 2.6 
0.6 T1ρMedium 5.6 ± 1.5 12.6 ± 2.5 
T1ρLong 187.1 ± 0.9 213.1 ± 0.6 
Four 
components 
T1ρShort 0.6  ± 2.8 8.2 ± 2.8 
0.3 
T1ρMedium1 3.3 ± 0.7 15.1 ± 2.7 
T1ρMedium2 124.1 ± 156.3 145.9 ± 51.0 
T1ρLong 90.9 ± 156.7 245.0 ± 128.4 
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  T1HH of natural cartilage at 3
o
C B.5
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Data: A18H1P3_C1
Model: ExpDec3
Equation: y = A1*exp(-x/t1) + A2*exp(-x/t2) + A3*exp(-x/t3) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 0.15986
R^2 =  0.99998
  
y0 0 ±0
A1 0.11895 ±1.00164
t1 7.16849 ±88.8234
A2 4.94977 ±0.89962
t2 60.79297 ±26.27756
A3 224.25438 ±0.95698
t3 456.12136 ±2.06827
Data: A18H1P3_C1
Model: ExpDec2
Equation: y = A1*exp(-x/t1) + A2*exp(-x/t2) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 0.17399
R^2 =  0.99998
  
y0 0 ±0
A1 5.02688 ±0.70735
t1 57.18712 ±12.63391
A2 224.34118 ±0.73596
t2 455.98772 ±1.86087
Data: A18H1P3_C1
Model: ExpDec1
Equation: y = A1*exp(-x/t1) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 0.78123
R^2 =  0.9999
  
y0 0 ±0
A1 228.31186 ±0.23488
t1 444.20393 ±1.73384
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Figure B. 5 T1HH relaxation curve of natural cartilage  for a time window of 
7.5 µs on the FID at 3
o
C, showing 1, 2 and 3 component fits.  The best-fit 
parameters and the corresponding χ2 values are shown in Table B.5. 
  144 
Table B. 5 T1HH The best-fit parameters, T1HH and magnetization fractions,  
 as well as χ2 values for 1, 2 and 3 component decompositions of T1HH decay curve given in 
Figure B.5. 
 
  
Components of natural T1HH (τ = 
7.5 µs), (3
o
C) 
T1 (ms) Magnetization χ
2
 
one component T1 444.04 ± 1.8 228.4 ± 0.2 0.83 
Two 
components 
T1Short 57.2± 12.6 5.03 ± 0.7 
0.17 
T1Long 456 ± 2 224.3 ± 0.7 
Three 
components 
T1Short 7.2 ± 88.8 0.11 ± 1.0 
0.16 T1Medium 60.8 ± 26.3 4.9 ± 0.9 
T1Long 456.1 ± 2.1 224.3 ± 2.1 
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 T1SH of natural cartilage at 3
o
C B.6
 
 
 
Figure B. 6 T1SH relaxation curve of natural cartilage for a time window of 30.5 µs on the 
FID at 3
o
C, showing 1, 2 and 3 component fits. The best-fit parameters and the 
correspondingχ2 values are shown in Table B.6. 
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Equation: y = A1*exp(-x/t1) + A2*exp(-x/t2) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 0.09097
R^2 =  0.99999
  
y0 0 ±0
A1 6.05222 ±0.38151
t1 44.21935 ±5.14867
A2 213.07531 ±0.39398
t2 460.54345 ±1.2477
Data: A18S1P3_C19
Model: ExpDec1
Equation: y = A1*exp(-x/t1) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 1.3063
R^2 =  0.99981
  
y0 0 ±0
A1 217.62956 ±0.30361
t1 445.32213 ±2.35789
Data: A18S1P3_C19
Model: ExpDec3
Equation: y = A1*exp(-x/t1) + A2*exp(-x/t2) + A3*exp(-x/t3) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 0.06048
R^2 =  0.99999
  
y0 0 ±0
A1 1.23882 ±0.29154
t1 1.20472 ±0.66799
A2 6.0861 ±0.40455
t2 56.47184 ±7.13773
A3 212.58142 ±0.44514
t3 461.53895 ±1.18396
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Table B. 6 The best-fit parameters, T1SH and magnetization fractions, as well as χ
2
 values for 
1, 2 and 3 component decompositions of T1SH decay curve given in Figure B.7. 
 
 
 
 
 
  
Components of natural 
T1SH (τ = 30.5 µs), (3
o
C) 
T1 (ms) Magnetization χ
2
 
one component T1 445.3± 2.3 217.6 ± 0.3 1.3 
Two components 
T1Short 44.2± 5.1 6.1 ± 0.3 
0.09 
T1Long 460.1 ± 1.2 213.1 ± 0.3 
Three components 
 
T1Short 1.2 ± 2.9 1.2 ± 0.6 
0.06 T1Medium 56.5 ± 7.1 6.1 ± 0.4 
   T1Long 461.5 ± 1.8 212.5 ± 0.4 
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  Appendix C
2D Reconstructed FIDs Fitting 
This appendix presents the details for least-squares fitting for all reconstructed FIDs 
presented in section 5.2 
 Reconstructed FIDs from  T1ρ  experiment in natural cartilage at 3
o
C C.1
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Figure C. 1 Reconstructed FID’s from 2D-T1ρ experiment in natural cartilage at 3
o
C 
with the best-fit line and associated best-fit parameters indicated for each separate, 
reconstructed FID. 
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 Reconstructed FIDs from T1HH experiment in natural cartilage at 3
o
C C.2
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Figure C. 2 Reconstructed FID’s from 2D-THH experiment in natural cartilage at 3
o
C with 
the best-fit line and associated best-fit parameters indicated for each separate, reconstructed 
FID. 
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 Reconstructed FIDs from T1SH experiment in natural cartilage at 3
o
C C.3
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Figure C. 3 Reconstructed FID’s from 2D-TSH experiment in natural cartilage at 3
o
C with 
the best-fit line and associated best-fit parameters indicated for each separate, 
reconstructed FID. 
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Figure C.4 Reconstructed FID’s from 2D-T1ρ experiment in natural cartilage at -10
o
C with 
the best-fit line and associated best-fit parameters indicated for each separate, reconstructed 
FID. 
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Figure C. 5 Reconstructed FID’s from 2D-THH experiment in natural cartilage at -10
o
C 
with the best-fit line and associated best-fit parameters indicated for each separate, 
reconstructed FID. 
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Figure C. 6 Reconstructed FID’s from 2D-T1SH experiment in natural cartilage at -10
o
C 
with the best-fit line and associated best-fit parameters indicated for each separate, 
reconstructed FID. 
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Figure C. 7 Reconstructed FID’s from 2D-T1ρ experiment in deuterated cartilage at 3
o
C  
with the best-fit line and associated best-fit parameters indicated for each separate, 
reconstructed FID. 
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Figure C. 8 Reconstructed FID’s from 2D-THH experiment in deuterated cartilage at 
3
o
C  with the best-fit line and associated best-fit parameters indicated for each separate, 
reconstructed FID. 
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Figure C. 9 Reconstructed FID’s from 2D-TSH experiment in deuterated cartilage at 3
o
C 
with the best-fit line and associated best-fit parameters indicated for each separate, 
reconstructed FID. 
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Figure C. 10 Reconstructed FID’s from 2D-T1ρ experiment in deuterated cartilage at -10
o
C  
with the best-fit line and associated best-fit parameters indicated for each separate, 
reconstructed FID. 
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Figure C. 11 Reconstructed FID’s from 2D-THH experiment in deuterated cartilage at -10
o
C 
with the best-fit line and associated best-fit parameters indicated for each separate, 
reconstructed FID. 
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 Reconstructed FIDs from TSH experiment in deuterated cartilage at -10
o
C C.12
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Figure C. 12 Reconstructed FID’s from 2D-THH experiment in deuterated cartilage at -
10
o
C with the best-fit line and associated best-fit parameters indicated for each separate, 
reconstructed FID. 
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 Appendix D
Exchange Analysis Tables 
In this Appendix all simulation tables for exchange analyses for natural and deuterated 
articular cartilage at 3
o
C and -10
o
C from section 5.2 are presented. 
  Natural Cartilage at 3oC  D.1
Table D. 1 Exchange analysis results from  T1ρ experiment of natural cartilage
at 3
o
C. The left table shows the experimental and calculated values for each parameter. The 
right table shows the rate values for exchange rates (kij), intrinsic times (Tx) and intrinsic 
reservoir sizes (Px). Experimental relaxation times in brackets were not observed in this 
experiment, and were assigned the same values as the calculated/simulated relaxation time.  
 
 
    
 
 
 
 
 
 
  
Parameter Calculated Experimental 
T
++
 1 ms 1 ms 
T
+-
 2.5 ms (2) ms 
T
-+
 5.5 ms 7 ms 
T
--
 189 ms 189 ms 
(Ca+Cb)
++
 0 6.1 % 
(Cc+ Cd)
++
 0 0 
(Ca+Cb)
+-
 4.6 % 0 
(Cc+ Cd)
+-
 -0.6 % 0 
(Ca+Cb)
-+
 3.8 % 2.8 % 
(Cc+ Cd)
-+
 3.1 % 3% 
(Ca+Cb)
--
 0.4 % 0 
(Cc+ Cd)
--
 88.6 % 88.1% 
Rates Values 
kab 30 s
-1
 
kbc 8 s
-1
 
kcd 0 s
-1
 
kad 1.5  s
-1
 
kac 400  s
-1
 
kbd 28  s
-1
 
Ta 6 ms 
Tb 3 ms 
Tc 5.4 ms 
Td 300 ms 
Pa 2.8 % 
Pb 6.1 % 
Pc 3 % 
Pd 88.1 % 
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Table D. 2 Exchange analysis results from T1HH experiment of natural cartilage at 3
o
C.The 
left table shows the experimental and calculated values for each parameter. The right table 
shows the rate values for exchange rates (kij), intrinsic times (Tx) and intrinsic reservoir sizes 
(Px). Experimental relaxation times in brackets were not observed in this experiment, and 
were assigned the same values as the calculated/simulated relaxation time. 
 
   
 
 
 
 
 
 
 
 
  
Rates Values 
kab 30  s
-1
 
kbc 8  s
-1
 
kcd 0 
kad 1.5  s
-1
 
kac 400  s
-1
 
kbd 28  s
-1
 
Ta 400 ms 
Tb 500 ms 
Tc 50 ms 
Td 488 ms 
Pa 2.8 % 
Pb 6.1 % 
Pc 3 % 
Pd 88.1 % 
Parameter Calculated Experimental 
T
++
 1.5 ms (3) ms 
 T
+-
 15 ms (12) ms 
T
-+
 47 ms 42 ms 
 T
--
 466 ms 466 ms 
(Ca+Cb)
++
 0 0 
(Cc+ Cd)
++
 0 0 
(Ca+Cb)
+-
 -0.2 % 0 
(Cc+ Cd)
+-
 0.1 % 0 
(Ca+Cb)
-+
 2.3 % 3 % 
(Cc+ Cd)
-+
 0.4 % 0 
(Ca+Cb)
--
 6.8 % 4 % 
(Cc+ Cd)
--
 90.5 % 93 % 
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Table D. 3 Exchange analysis results from T1SH experiment of natural cartilage at 3
o
C.The 
left table shows the expermintal and calculated values for each parameter. The right table 
shows the rate values for exhange rates (kij), intrinsic times (Tx) and intrinsic resirvoir sizes 
(Px). Experimental relaxation times in brackets were not observed in this experiment, and 
were assigned the same values as the calculated/simulated relaxation time. 
 
 
 
 
 
 
 
 
 
  
Rates Values 
kab 30  s
-1
 
kbc 8  s
-1
 
kcd 0 
kad 1.5  s
-1
 
kac 400  s
-1
 
kbd 28  s
-1
 
Ta 375 s
-1
 
Tb 500  s
-1
 
Tc 50  s
-1
 
Td 488  s
-1
 
Pa 2.8  % 
Pb 6.1  % 
Pc 3 % 
Pd 88.1 % 
Parameter Calculated Experimental 
T
++
 2 ms (3) ms 
 T
+-
 15 ms (12) ms 
T
-+
 47 ms 42 ms 
 T
--
 465 ms 466 ms 
(Ca+Cb)
++
 -0.7 % 0 
(Cc+ Cd)
++
 0.7 % 0 
(Ca+Cb)
+-
 -1.5 % 0 
(Cc+ Cd)
+-
 1.6 % 0 
(Ca+Cb)
-+
 -2 % -4 % 
(Cc+ Cd)
-+
 2.7% 4 % 
(Ca+Cb)
--
 6.9 % 6 % 
(Cc+ Cd)
--
 92 % 94 % 
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  Natural Cartilage at -10oC  D.2
Table D. 4 Exchange analysis results from T1ρ experiment of natural cartilage at -10
o
C. The 
left table shows the expermintal and calculated values for each parameter. The right table 
shows the rate values for exhange rates (kij), intrinsic times (Tx) and intrinsic resirvoir sizes 
(Px). Experimental relaxation times in brackets were not observed in this experiment, and 
were assigned the same values as the calculated/simulated relaxation time.  
 
          
 
 
 
 
 
 
 
  
Rates Values 
kab 60  s
-1
 
kbc 56  s
-1
 
kcd 0 
kad 80  s
-1
 
kac 400  s
-1
 
kbd 0 
Ta 2.3 ms 
Tb 3.5 ms 
Tc 16 ms 
Td 2 ms 
Pa 26.6 % 
Pb 14 % 
Pc 18.8 % 
Pd 40.6 % 
Parameter Calculated Experimental 
T
++
 0.7 ms (1) ms 
 T
+-
 1.8 ms 1.7 ms 
T
-+
 2 ms (3) ms 
 T
--
 3.4 ms 3.8 ms 
(Ca+Cb)
++
 4.5 % 0 
(Cc+ Cd)
++
 -3.3 % 0 
(Ca+Cb)
+-
 3 % 14 % 
(Cc+ Cd)
+-
 20 % 18.8 % 
(Ca+Cb)
-+
 -2.3 % 0 
(Cc+ Cd)
-+
 3.3 % 0 
(Ca+Cb)
--
 35 % 26.6 % 
(Cc+ Cd)
--
 39 % 40.6 % 
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Table D. 5 Exchange analysis results from  T1HH experiment of natural cartilage at -10
o
C. 
The left table shows the experimental and calculated values for each parameter. The right 
table shows the rate values for exchange rates (kij), intrinsic times (Tx) and intrinsic reservoirs 
sizes(Px). Experimental relaxation times in brackets were not observed in this experiment, 
and were assigned the same values as the calculated/simulated relaxation time. 
 
 
       
 
 
 
 
 
 
  
  Parameter Calculated Experimental 
T
++
 0.9 ms (1.5) ms 
 T
+-
 2 ms (3) ms 
T
-+
 18 ms 20 ms 
 T
--
 83.6 ms 82 ms 
(Ca+Cb)
++
 -0.1 % 0 
(Cc+ Cd)
++
 0.1 % 0 
(Ca+Cb)
+-
 0 0 
(Cc+ Cd)
+-
 0 0  
(Ca+Cb)
-+
 -5 % 4.7 % 
(Cc+ Cd)
-+
 13 % 17.3 % 
(Ca+Cb)
--
 46 % 44 % 
(Cc+ Cd)
--
 41 % 34 % 
Rates Values 
kab 130  s
-1
 
kbc 46  s
-1
 
kcd 0  
kad 30  s
-1
 
kac 400  s
-1
 
kbd 0 
Ta 375 ms 
Tb 570 ms 
Tc 75 ms 
Td 34 ms 
Pa 26.6 % 
Pb 14 % 
Pc 18.8 % 
Pd 40.6 % 
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Table D. 6 Exchange analysis results from T1SH experiment of natural cartilage at -10
o
C.The 
left table shows the expermintal and calculated values for each parameter. The right table 
shows the rate values for exhange rates (kij), intrinsic times (Tx) and intrinsic resirvoir sizes 
(Px). Experimental relaxation times in brackets were not observed in this experiment, and 
were assigned the same values as the calculated/simulated relaxation time. 
 
     
 
 
 
 
 
 
 
  
Rates Values 
kab 130  s
-1
 
kbc 46  s
-1
 
kcd 0  
kad 30  s
-1
 
kac 400  s
-1
  
kbd 0  
Ta 375 ms 
Tb 570 ms 
Tc 74 ms 
Td 35 ms 
Pa 26.6 % 
Pb 14 % 
Pc 18.8 % 
Pd 40.6 % 
Parameter Calculated Experimental 
T
++
 0.9  ms (1.5) ms 
 T
+-
 2.8  ms (3) ms 
T
-+
 18  ms 20 ms 
 T
--
 83  ms 82 ms 
(Ca+Cb)
++
 -7 % 0 
(Cc+ Cd)
++
 7.5 % 0 
(Ca+Cb)
+-
 -2 % 0 
(Cc+ Cd)
+-
 2 % 0 
(Ca+Cb)
-+
 -14 %  -26 % 
(Cc+ Cd)
-+
 31 % 50 % 
(Ca+Cb)
--
 41.4 %  42.1 % 
(Cc+ Cd)
--
 41 % 33 % 
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  Deuterated Cartilage at 3oC  D.3
Table D. 7 Exchange analysis results from  T1ρ experiment of deuterated cartilage at 3
o
C. 
The left table shows the experimental and calculated values for each parameter. The right 
table shows the rate values for exchange rates (kij), intrinsic times (Tx) and intrinsic reservoirs 
sizes (Px). Experimental relaxation times in brackets were not observed in this experiment, 
and were assigned the same values as the calculated/simulated relaxation time. 
    
  
Parameter Calculated Experimental 
T
++
 0.7 ms (1) ms 
T
+-
 2 ms 1.6 ms 
T
-+
 7.7 ms 7.6 ms 
T
--
 517 ms 660 ms 
(Ca+Cb)
++
 0.3 % 0 
Cc
++
 -0.3 % 0 
Cd
++
 0 0 
(Ca+Cb)
+-
 41.2 % 44.4 % 
Cc
+-
 -0.7 % -0.6 % 
Cd
+-
 0 0 
(Ca+Cb)
-+
 23.9 % 18.8 % 
Cc
-+
 10.5 % 11.1 % 
Cd
-+
 0 0 
(Ca+Cb)
--
 0 0 
Cc
--
 0 0 
Cd
--
 25.1 % 25.5 % 
Rates Values 
kab 30  s
-1
 
kbc 0 
kcd 0 
kad 0.5  s
-1
 
kac 400  s
-1
 
kbd 0 
Ta 7.3  ms 
Tb 2  ms 
Tc 19.8  ms 
Td 666  ms 
Pa 21.7  % 
Pb 43.9  % 
Pc 9.4  % 
Pd 25  % 
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Table D. 8 Exchange analysis results from T1HH experiment of deuterated cartilage at 3
o
C. 
The left table shows the experimental and calculated values for each parameter. The right 
table shows the rate values for exchange rates (kij), intrinsic times (Tx) and intrinsic reservoirs 
sizes (Px). Experimental relaxation times in brackets were not observed in this experiment, 
and were assigned the same values as the calculated/simulated relaxation time.
 
        
 
     
 
 
 
 
 
 
 
 
  
 Parameter Calculated Experimental 
T
++
 1 ms (3) ms 
T
+-
 15 ms 15 ms 
T
-+
 195 ms 135 ms 
T
--
 915 ms 915 ms 
(Ca+Cb)
++
 -0.1 % 0 
Cc
++
 0.1 % 0 
Cd
++
 0 0 
(Ca+Cb)
+-
 -0.4 % -2 % 
Cc
+-
 1 % 3.3 % 
Cd
+-
 0 0 
(Ca+Cb)
-+
 63 % 55.5 % 
Cc
-+
 8.2 % 8.9 % 
Cd
-+
 -2.4 % 0 
(Ca+Cb)
--
 2.4 % 6.7 % 
Cc
--
 0.3 % 0 
Cd
--
 27.4 % 28 % 
Rates Values 
kab 30  s
-1
 
kbc 0 
kcd 0 
kad 0.5  s
-1
 
kac 400  s
-1
 
kbd 0 
Ta 335 ms 
Tb 475 ms 
Tc 40 ms 
Td 1500 ms 
Pa 21.7 % 
Pb 43.9 % 
Pc 9.4 % 
Pd 25 % 
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Table D. 9 Exchange analysis results from T1SH experiment of deuterated cartilage at 
3
o
C.The left table shows the experimental and calculated values for each parameter. The 
right table shows the rate values for exchange rates (kij), intrinsic times (Tx) and intrinsic 
reservoirs sizes (Px). Experimental relaxation times in brackets were not observed in this 
experiment, and were assigned the same values as the calculated/simulated relaxation time. 
 
  
 
  
Parameter Calculated Experimental 
T
++
 1 ms 3 ms 
T
+-
 15 ms (15) ms 
T
-+
 196 ms 105 ms 
T
--
 1000 ms 1000 ms 
(Ca+Cb)
++
 -6 % -5 % 
Cc
++
 6 % 4.9 % 
Cd
++
 0 0 
(Ca+Cb)
+-
 -1 % 0 
Cc
+-
 2 % 0 
Cd
+-
 0 0 
(Ca+Cb)
-+
 40 % 22.5 % 
Cc
-+
 5 % 8.9 % 
Cd
-+
 -1.5 % 0 
(Ca+Cb)
--
 4.5 % 9.2 % 
Cc
--
 0.6 % 0 
Cd
--
 49.4 % 49 % 
Rates Values 
kab 30  s
-1
 
kbc 0  
kcd 0 
kad 0.5  s
-1
 
kac 400  s
-1
 
kbd 0 
Ta 335 ms 
Tb 475 ms 
Tc 40 ms 
Td 1723 ms 
Pa 21.7 % 
Pb 43.9 % 
Pc 9.4 % 
Pd 25 % 
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  Deuterated Cartilage at -10oC  D.4
Table D. 10 Exchange analysis results from  T1ρ experiment of deuterated cartilage at -10
o
C. 
The left table shows the experimental and calculated values for each parameter. The right 
table shows the rate values for exchange rates (kij), intrinsic times (Tx) and intrinsic reservoirs 
sizes (Px). Experimental relaxation times in brackets were not observed in this experiment, 
and were assigned the same values as the calculated/simulated relaxation time. 
 
  
  
 
 
 
 
 
 
 
 
 
 
  
Parameter Calculated Experimental 
T
+
 1.2 ms (1) ms 
T
0
 1.8 ms 1.1 ms 
T
-
 5.7 ms 5.9 ms 
(Ca+Cb)
+
 2.6 % 0 
Cc
+
 -2.2 % 0 
(Ca+Cb)
0
 22 % 24.6 % 
Cc
0
 -11 % 0  
(Ca+Cb)
-
 63.1 % 65.5 % 
Cc
-
 15 %  9.9 % 
Rates Values 
kab 30  s
-1
 
kbc 40  s
-1
 
kca 400  s
-1
 
Ta 7 ms 
Tb 3.5 ms 
Tc 20 ms 
Pa 29 % 
Pb 58.5 % 
Pc 12.5 % 
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Table D. 11 Exchange analysis results from T1HH experiment of deuterated cartilage  at          
-10
o
C. The left table shows the experimental and calculated values for each parameter. The 
right table shows the rate values for exchange rates (kij), intrinsic times (Tx) and intrinsic 
reservoirs sizes (Px). Experimental relaxation times in brackets were not observed in this 
experiment, and were assigned the same values as the calculated/simulated relaxation time. 
 
  
 
 
 
 
 
 
 
 
 
  
Parameter Calculated Experimental 
T
+
 7 ms (13) ms 
T
0
 24 ms 39 ms 
T
-
 233 ms 244 ms 
(Ca+Cb)
+
 -0.2 % 0 
Cc
+
 0.2 % 0 
(Ca+Cb)
0
 -0.6 % 3 % 
Cc
0
 1.2 % 1.1 % 
(Ca+Cb)
-
 88.4 % 79.3 % 
Cc
-
 10.9 % 8.8 % 
Rates Values 
kab 30  s
-1
 
kbc 40  s
-1
 
kca 400  s
-1
 
Ta 370 ms 
Tb 500 ms 
Tc 50 ms 
Pa 29 % 
Pb 58.5 % 
Pc 12.5 % 
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Table D. 12 Exchange analysis results from T1SH experiment of deuterated cartilage at -10
o
C. 
The left table shows the experimental and calculated values for each parameter. The right 
table shows the rate values for exchange rates (kij), intrinsic times (Tx) and intrinsic reservoirs 
sizes (Px) Experimental relaxation times in brackets were not observed in this experiment, 
and were assigned the same values as the calculated/simulated relaxation time. 
 
 
 
 
  
Parameter Calculated Experimental 
T
+
 8 ms 13 ms 
T
0
 24 ms (39) ms 
T
-
 241 ms 244 ms 
(Ca+Cb)
+
 -12 % -26.7 % 
Cc
+
 12 % 23.5 % 
(Ca+Cb)
0
 -2 % 0 
Cc
0
 4 % 0 
(Ca+Cb)
-
 86.5 % 92.8 % 
Cc
-
 10.6 % 10.4 % 
Rates Values 
kab 30  s
-1
 
kbc 40  s
-1
 
kca 400  s
-1
 
Ta 400 ms 
Tb 500 ms 
Tc 50 ms 
Pa 29 % 
Pb 58.5 % 
Pc 12.5 % 
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Glossary of Terms 
AC  : Articular Cartilage 
Bo : External magnetic field 
BSA : Bovine Serum Albumin 
BBP : Bloembergen, Purcell and Pound  
C
+
 : Apparent magnetization fraction for the short relaxation time component 
C
- 
: Apparent magnetization fraction for the long relaxation time component 
CPMG: Carr-Purcell-Meiboom-Gill sequence for T2 measurements 
CS : Chondroitin Sulfate 
CSI : Chemical Shift Imaging 
D2O : Deuterium oxide (heavy water)  
DMMB: Dimethylmethyene blue  
GAG : Glycosaminoglycans  
FID : Free Induction Decay 
F
( )(x(t)): spin lattice interaction function 
𝓗 : Hamiltonian 
HA : Hyaluronic Acid 
𝓗D : Dipole-dipole interaction Hamiltonian 
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𝓗CS : Chemical shift interaction Hamiltonian 
𝓗J : J coupling Hamiltonian 
𝓗Z : Zeeman interaction Hamiltonian 
I : Nuclear Spin angular momentum operator 
 | |(| | ): Spectral density function 
kij : Magnetization exchange rate from site i to site j 
KEL-F:  Kellogg and Fluoropolymer, (C2ClF3)n 
KS : Keratin Sulfate 
λ+ : Apparent relaxation rate for short relaxation time component 
λ- : Apparent relaxation rate for long relaxation time component 
M : Net magnetization vector 
MAS : Magic Angle Spinning 
mi (τ) : The reduced magnetization of the i
th site at time τ 
MRI : Magnetic Resonance Imagining 
NMR : Nuclear Magnetic Resonance 
OA : Osteoarthritis 
OD : Optical Density 
PBS :  Phosphate Buffer Saline  
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PG : Proteoglycan 
T1 : Spin-lattice relaxation time 
T1HH : Spin-lattice relaxation measured with non-selective excitation pulse sequence  
T1ρ : Spin-lattice relaxation time in the rotating frame 
T1SH : Spin-lattice relaxation time measured with selective excitation pulse sequence 
T2 FID: Spin-spin relaxation time from FID experiment using single 90
o
 pulse       
excitation 
T2
* 
: T2 obtained using the T2 FID pulse sequence, but where the measured T2 is 
significantly shortened, relative to the true sample T2, due to inhomogeneities in the 
external magnetic field 
T2 CPMG: Spin-spin relaxation time measured using the CPMG train sequence 
2D-TD: Two dimensional time domain 
TMJ : Temporomandibular joint 
τ : Correlation time 
µ : Nuclear dipole magnetic moment 
ωo : Larmor Frequency 
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